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SPECIFICATION 

A "Device for Reducing the Width of Graph" and a method to reduce the width of graph, 
and a Device for Logic Synthesis and a method for logic synthesis 

TECHNICAL FIELD 

[0001] 

This invention relates to the logic synthesis technology 
to generate the LUT circuits used in look-up table (LUT) cascade 
networks or LUT- type FPGAs, to implement a multiple-output 
logic function, 

BACKGROUND ART 

[0002] 

Recently, LUT-type Field Programmable Gate Arrays (FPGAs) 
are widely used in designs of various electronic networks. (For 
example, see non-patent literature 1~ 3) . An LUT- type FPGA 
consists of a large number of configurable logic blocks (CLBs) 
arranged in a two-dimensional array, and plural vertical and 
horizontal routing lines located between CLBs. In each 
cross-point of the routing lines, there is a programmable switch 
block (SB) so that the reprogramming of the interconnection 
between them are possible. Also each CLB and routing lines are 
connected by a reconf igurable connection block (CB) . And, at 
the end of each routing line, there is an input /output part (I/O 
part) sends and receives signal to and from the outside of the 
FPGA. Each CLB has one or more multi- input single-output LUTs 
and multiplexers (MUXs) to perform the logic operation. In an 
LUT- type FPGA, by reconfiguring SBs, CBs and CLBs, we can 
realize various combinational logic circuits by 
interconnecting LUTs that store desired multi -input 
single -output logic functions, according to the object. 

[0003] 

On the other hand, to realize faster circuit than FPGAs, 
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LUT cascade logic circuits have been proposed (for example, see 
non-patent literature 4,5) . An LUT cascade logic circuit has 
a structure consisting of multi-input multi-output LUTs 
connected in a cascade . To each LUT, in addition to the external 
inputs, the outputs from the LUT of the preceding stage, are 
connected as inputs. And, from the LUT of the final stage, one 
or more output variables are produced. The objective logic 
function are decomposed into plural multiple-output logic 
functions, and each multiple -output logic function are stored 
in each LUT. In this way, we can implement the desired 
operations of multiple-output logic function by using an LUT 
cascade logic circuit . 
[0004] 

In order to apply the above-mentioned LUT-type FPGA or LUT 
cascade logic circuit in the practical logic circuit design, 
first, we represent the desired objective logic function as a 
compound logic function by decomposing the objective function. 
Where the compound logic function is obtained by composing the 
decomposition function, i.e., the plural logic functions 
produced by functional decompositions. That is, let the 
objective logic function be denoted hy J{X), where {X} denotes 
the set of the input variables. When the objective logic 
function is decomposed in the form fiX\^2)=g{h{X{)yX2){{X\} cz {X}^ 
{X2} c= {X), {Xx} n {X2} =<^, {X^}V^{X2} =W ). g(h{Xx)^2) is the 
compound function of g and 

[0005] 

In this description of the patent, the symbols A' and 7 denote 
the ordered set of the input variables, and output variables, 
respectively, while the symbols {X) , {Y} denotes the unordered 
set of the input and output variables, respectively. 

[0006] 

From the above-mentioned functional decomposition, we have 
two decomposition function h{X\) and g(hj^2) - Such functional 
decomposition is not always possible, but many practical 
functions, such as control circuits and arithmetic circuits 
used in computer are decomposable (see non-patent literature 
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6) . Also, when the decomposition function gihyXi) is also 
decomposable, we can iterate a similar functional 
decompositions . 
[0007] 

And, realize each decomposition function by a separate LUT, 
and connect these LUTs in a network structure or in a cascade 
structure to form compound logic function. In this way, we can 
realize the objective logic function by using LUT- type FPGAs 
or LUT cascade logic circuits. 

[0008] 

When the objective function has a single output, by using 
above-mentioned functional decomposition method, we can 
relatively easily implement the function by the logic circuit 
consisting of LUTs (for example, see non-patent literature 4, 
5 reference) . 

[0009] 

On the other hand, when the objective logic function has 
multiple outputs, as for the synthesis technique to implement 
the objective logic function as an LUT circuit, the following 
methods are Icnown. 

(1) A method to used a multi terminal binary decision 
diagram (MTBDD) (See non-patent literature 7, 8) . 

(2) A method to realize by partitioning the outputs into 
several groups (See non-patent literature 7) . 

(3) A method to used a partition theory (See non-patent 
literature 9, 10) . 

(4) A method using substitution (See non-patent literature 

11) . 

(5) A method to use hyper function (non-patent literature 
12 reference) 

(6) A method to use time-division multiplexing represented 
by the Encoded Characteristic Function for Non- zeros (ECFN) 
(See non-patent literature 4, 5) , 

(7) Combinations of some of above methods ( See non-patent 
literature 11) . 
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DISCLOSURE OF THE INVENTION 
[0010] 

None of the methods (1)~(7) presented in the above-mentioned 
background of invention are sufficient for the logic synthesis 
of multiple -output logic functions. For example, finding a 
functional decomposition of a multiple-output logic function 
by using an MTBDD is theoretically possible, but in the case 
of a functions with m outputs, the number of terminal nodes can 
be as large as 2'". Thus, a functional decomposition of a 
multiple-output logic function using an MTBDD often produces 
a decomposition table with large column multiplicity (to be 
defined in Definition 6) , and not practical . Other conventional 
methods also similar drawbacks. 

[0011] 

However, many logic functions exist such as comparators 
and adders, where some of the output values are decided before 
all the logic operations are completed. For example, in the 
case of an adder that computes the sum of the input variable 
P={puP2,P3,P4)iP^B\B={0,l}) and Q=iqu qi. q3. qdiQ^B^^) , and produces 
the output variables R={ro,rur2^r^^cout){R^B^), the value of the 
output variable is decided when the addition of each digit is 
completed, but before all the operations are terminated. In 
this way, the output variables that are decided before all the 
logic operations are terminated are called "intermediate output 
variables " - 

[0012] 

When the objective logic function has intermediate output 
variables, in an LUT network or in an LUT cascade that realizes 
the objective logic function, by implementing the cascade so 
that the intermediate LUTs realize the intermediate output 
variables, the size of each LUT can be smaller and the operation 
speed can be increased. 

[0013] 
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However, logic synthesis techniques shown in the 
above-mentioned background of invention, for the objective 
logic function that has intermediate output variables, the 
design of an LUT network or an LUT cascade with intermediate 
outputs was difficult - 
[0014] 

Furthermore, in many circuits such as radix converters and 
adders, some output values are not always defined for all the 
inputs, and for some inputs, the output can be either 0 or 1, 
or don't care. For the multiple-output logic functions with 
such don't cares, if we design LUT networks or LUT cascades 
without considering the don't cares, the memory would contain 
a large amount of redundancy. Thus, for multiple-output logic 
functions with don't cares, it is desirable to modify the 
circuit so that the redundancy of LUT networks or LUT cascades 
will be smaller. 

[0015] 

Thus, the first object of the present invention is to 
present the logic synthesis technology that can be universally 
used for general multiple-output logic functions, and can be 
used for the LUT networks and LUT cascades that have 
intermediate outputs . 

[0016] 

The second objective of present invention is to present 
the technique to reduce the width of the graphs representing 
the multiple-output logic function with don't cares, so that 
the redundancy of LUT networks and LUT cascades will be reduced. 

MEANS FOR SOLVING THE PROBLEM 

[0017] 

In the following, first we will present important 
terminology used in this description, and then explain the basic 
principle of the invention, and finally we will explain the 
structure and operation of present invention. 

[0018] 
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[1] Definitions of terminology 
[Definition 1] (Support variable) 

If the function F depends on a variable x, then x is a support 
variable of F. The set of support variables of the function 
F is denoted by supp{F). 

[End of Definition ] 

[0019] 

[Definition 2] (Completely specified function) 

A Boolean variable is denoted by x, where x takes the values 
in j5={0, 1}, Let X^B^ be a set of logic variables, where n is 
an arbitrary natural number. Then, the function F(X): ^ , 
where m is an arbitrary natural number, is a completely 
specified function. Especially when m is a natural number 
greater than or equal to 2 , F is a completely specified 
multiple-output function. When m=l , F ±s a. completely 
specified single-output function. 

[End of Definition ] 

[0020] 

[Definition 3] (Incompletely specified function) 

If the value of a function y(JO can be either 0 or 1, then 
the value is don't care, and denoted by d. A logic function 
F{X):B^ <— {0,l,c/}'", where m is an arbitrary natural number, of 
a logic variable X^B" , where n is an arbitrary natural number, 
is an incompletely specified function. Especially, when m is 
greater than or equal to 2, F is an incompletely specified 
multiple -output function. And, when /n=l , F is an incompletely 
specified single-output function. 

[End of Definition ] 

[0021] 

[Definition 4] (A partition of variables) 

Let X'=(x\yX2/''yXn) be the set of the input variables of a logic 
function. A set of variables of X is denoted by {X} . When {X\} 
U {X2} =W, and {^1} n {X2} = 0, X=(Xi^2) is a partition of X. The 
number of variables in X is denoted by \X\. 

[End of Definition ] 

[0022] 
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[Definition 5] (Decomposition chart) 

For a logic function let X={X\,X2) a partition of X, where 

\X\\=n\ and |A"2|=«2. Then, the decomposition chart has l^x columns 
and 2^2 rows, and each row and each column has a label with binary- 
code, and the corresponding element of the chart is equal to 
the truth value of F. In this case, X\ denotes the bound 
variables, and X2 denotes the free variables. Note that each 
column and each row of the decomposition chart have all possible 
patterns with n\ bits and /12 bits, respectively. 

[End of Definition ] 

[0023] 

[Definition 6] (Column multiplicity and Column function) 

The number of different column patterns in a decomposition 
chart is the column multiplicity, and is denoted by |i. The 
function represented by a column pattern is a column function. 

[End of Definition ] 

[0024] 
[Example 1] 

Table 1 shows a decomposition chart of a 4 -input 1 -output 
incompletely specified function. Since all the column 
patterns are different, the column multiplicity ju is 4 . 

[End of Example ] 

[0025] 
[Table 1] 
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[0026] 
[Definition 7] 



(ON function, OFF function, and DC function) 



The sets of A' that satisfy y(^=0» 1. ^/ are the OFF set, the 
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ON set, and the DC set, respectively. They are represented by 
f\0),f\\), and f\d), respectively. Let J{X) be an incompletely 
specified function of logic variable Xi^B"), The OFF function 
is the function where all the elements in the OFF set /'(O) are 
mapped to 1, and for other elements are mapped to 0, and is 

denoted by f_o* 

[0027] 
[Equation 1] 



^^^^^^lo (otherwise) 



[0028] 

The ON function is the function where all the elements in 
the ON set f\l) are mapped to 1, and for other elements are mapped 
to 0, and is denoted hy f \ . 

[0029] 
[Equation 2] 



(X €/-'(!)) 
0 (otherwise) 



= r..:^A"' (2) 



[0030] 

The DC function is the function where all the elements in 
the DC set /^(d) are mapped to 1, and for other elements are mapped 
to 0, and is denoted by 

[0031] 
[Equation 3] 

( 0 (otherwise) 

[0032] 

The OFF function /^o and the ON function /^i are similarly 
defined when J{X) is a completely specified function. 
Especially when J{X) is a completely specified single-output 
function, we have the following relation: 

[0033] 
[Equation 4] 
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/j) = /W, (4) 

[End of Definition ] 

[0034] 

[Definition 8] (Characteristic function of a completely 
specified function) 

Let X={x\^2y" ,x^^ff* be a set of the input variables, and let 
F{X)=(fQ{X)f\{X)^ '\fm.\{X)) be a completely specified multiple-output 
function, where /w is a natural number. Then, the function % 
{X,Y) defined as Eq. (5) is a characteristic function of a 
multiple-output logic function F, (non-patent literature 14 
reference) , where l^=(yo,""iym-i) (w^/, / is set of integer) denotes 
the set of output variables in. 
[0035] 

[Equation 5] 

m-l 
i=:0 

[End of Definition ] 

[0036] 

The characteristic function of an «- input w-output 
function is a two-valued logic function of variables. It 

has the input variables Xi{i=\^2, ■",«) and output variables that 
correspond to the outputs fj(j=Q^\^ Let jB={0, 1, } and 

BT and F{X)--{f^{X)Jx{X), • . If Y^BT , then the value of 

the characteristic function Y) for a multiple-output logic 

function F(X) is shown as Eq. (6) . 

[0037] 
[Equation 6] 

[0038] 

The characteristic function of a completely specified 
multiple -output function represents the set of valid 
combinations of the inputs and outputs. By renaming the symbol 
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as Eq. (7) , the characteristic function % can be represented as 
Eq. (8) . 

[0039] 
[Equation 7] 

/.J W = /i(A'), fiAX)=MX) (7) 

[0040] 
[Equation 8] 

m-l 

XiX^y)- A (yi'/u)Vy,./o) (8) 

irrO 

[0041] 

On the other hand, in the case of an incompletely specified 
function, when the value of the function is don't care, it can 
be 0 or 1 . Thus, the characteristic function takes the value 
1 even if the values of the output variables yi is 0 or 1 .. 
Therefore, we have the following relation for the function that 
represents the doii ' t careis) inputs fi_ d- Hence, for the 
functions that represents the DC inputs, we have the following 
relation: 

[0042] 
[Equation 9] 

ViUiJ^ V /^) V j/c(/o V fi_^) = ye/ijo V ytfij, V (9) 

[0043] 

From Eq. (8) and Eq. (9) , we can extend the characteristic 
function for a completely specified multiple -output function 
into the characteristic function % for an incompletely 
specified function as follows: 

[0044] 

[Definition 9] (Characteristic function for an in completely 
specified function) 

Let F{X)-=^{fo{X), fx{X), /^.i(.Y)) be an incompletely specified 
multiple-output function with input variables X={x\,X2^ 
5"). Then, the function x {X, Y) defined by Eq. (10) is the 
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characteristic function of an incompletely specified 
multiple -output function F. Where y=(yo, "SJ^m-O are variables 
that denote outputs. 

[End of Definition ] 

[0045] 
[Equation 10] 



(10) 



[0046] 
[Example 2] 

Consider the 4 -input 2 -output incompletely specified 
function shown in Table 2 . 

[0047] 
[Table 2] 
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From Table 2, the OFF func 
sented as follows: 



ion, the ON function, and the DC function are repre- 



From Table 2, the OFF function, the ON function, and the 
DC function are represented as follows: 
[0048] 
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[Equation 11] 



/o_i = X\X2Xs V XJX2X3 V X1X2X2 

U_d = Xi X3 V Xi X2X3 ^ J J J 

/iJO = X1X2X3 V XiX2^3 V X2X3X4 
— ^2^3 V 353X3X4 

Thus, the characteristic function of this function is given 
as follows: 

[0049] 
[Equation 12] 

X = {yoix%X2X3 V X1X2X3) V yQix^X2X3 V X1X2X3 V X1X2X3) V (X1X3 V XtX2a:3)}- 
{yi(XiX2X3 V X1X2X3 V X2X3X4) V yi(X2X3 V X2X3X4) V (X2X3)} 

(12) 

[End of Example I 

[0050] 

[Definition 10] (Binary Decision Diagram for Characteristic 
Function) 

The Binary Decision Diagram for Characteristic Function 
(BDD__f or__CF) for a multiple-output logic function F(Z)=(/t)(J!0/i (A), 
is the binary decision diagram (BDD) that represents 
the characteristic function x (^,J0 for the multiple-output 
logic function F(X), where the root node is in the highest 
position, and the variable yj is in the lower position than the 
support variables Xi^supp{fJ). Note that supp{fj) denotes the set 
of variables that influence fj ( See non-patent literature 
13, 14) , 

[End of Definition ] 

[0051] 
[Example 3] 

Fig. 1(b) is the BDD_for_CF that represents the 
multiple-output logic function in the truth table of Fig. 1(a) . 
Where, a circle denotes a variable node, while a square denotes 
a terminal node that shows the value of the characteristic 
function. 
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[End of Example ] 

[0052] 

[Definition 11] (Deletion by shorting) 

In a BDD_for_CF, among tlie edges tliat go out from the the 
nodes jz/^y) for the outputs, remove the edges that are incident 
to the constant 0 , and from the parent node of yj, connect direct 
by an edge to the child node of yj that is non-constant 0 node. 
Apply this operation to all the nodes that represent yj. This 
operation is the removal of the output variable yi by shorting. 

[End of Definition ] 

[0053] 

We will explain the deletion by shorting operation by using 
Fig. 2. As shown in Fig. 2 (a) , consider the node representing 
the output yj{^Y) , Let Zp be the parent node of yj, and Zq be a 
child node of yj. First, delete the node that is connected to 
the constant 0 terminal node of the characteristic function. 
Then, we have a diagram as shown in Fig. 2 (b) . Next, by 
connecting directly from the parent node Zp of yj to a child node 
Zq by an edge, we have the graph shown in Fig. 2 (c) . The deletion 
by shorting for the node yj, we perform such operations for all 
the output nodes that represent yj in the BDD_for_CF. 

[0054] 

[Definition 12] (Width of a BDD_for_CF) 

Let (Zn+TO, Z/i+m-i, , zi) be the variable ordering of the 
BDD_for_CF, where Zn^ni corresponds to the root node. The width 
of the BDD_for_CF at height k is the number of edges between 
variable z^ and variable Zjfe+i . Where the edges that point the 
same nodes are counted as one, and ignore the edges that connect 
to the constant 0 . We also define that the width of a BDD_f or_CF 
at height 0 be one . 

[End of Definition ] 

[0055] 

The height of the node for the variable z/ is the order of 
the variables counted from the terminal nodes, where the height 
of the terminal node is 0. That is, in the binary decision 
diagram that has ai+/w variables {z,; /=l,-",/iH-w} . Let the variable 
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ordering from the root nodes to the terminal node be P=iz„+mjZ„+mA7 
'"yZ\). Then the height of the node of the variable z,- is /. In 
this case, for variables z,- and zj, if i>J, then the variable z/ 
is in the higher position than the variable zj. Or, the variable 
zj is in the lower position than the variable z,-. Also, the width 
of the BDD at the height / is the number of edges between variable 
Z| and variable z/+i , In this case, the edges pointing to the same 
nodes are counted as one, and the edges pointing the constant 
0 are ignored . 

[0056] 
[Example 4] 

In the BDD_for_CF in Fig. 1(b) , the heights of the terminal 
nodes (i.e., the nodes with the value of the characteristic 
function) are 0, the height of the variable >'2 is 1, the height 
of the variable 3^1 is 2, the height of the variable X4 is 3, 
and the height of the variable x\ is 1 . Also, the width at the 
height 1 is 2, since the number of edges from the nodes of the 
variable y\ to the node for the variable ±s 2 , (Note that 
the edges that are incident to the terminal node 0 are ignored) . 
Also, width at the height 2 is 4, since the number of edges from 
the nodes for the variable X4 to the nodes for the variable y\ 
is 4 . 

[End of Example ] 

[0057] 

In the functional decomposition using BDDs, the width of 
the BDD is equal to the column multiplicity |i. ( [Note] When 
we consider the column multiplicity, we consider the column 
multiplicity of the original multiple -output function (See the 
the decomposition chart in Table 3) . When we consider the BDD, 
we use the characteristic function for the multiple-output 
function. In the case of a single-output logic function, the 
output variables is always in the bottom of the BDD. The upper 
part of the BDD that leads to the constant 1 is almost the same 
as the BDD of the original function.) In a partition of 
variables (X\,X2), 

the nodes for the variables X2 that are directly connected 
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to the nodes for the variable X\, correspond to the column 
patterns of the decomposition chart. 
[0058] 

In the functional decomposition, we represent it as J(X\y 
X2)=g(hm,X2). 

[0059] 
[Equation 13] 

\\oS^fM\<\X^\ (13) 

we implement the networlc that generate h(X\) where Xi are inputs 
and the codes for column functions are outputs, and the network 
for gihJCj), independently (see Fig. 3). The fewer the total 
number of inputs of the circuit after decomposition, the more 
effective the decomposition is. By reducing the width of the 
BDD, we can reduce the column multiplicity, and increase the 
effectiveness of the functional decomposition. 
[0060] 

[Definition 13] (Assignment of constant values to the don't 
care (s) ) 

Let i^'>=(^^•\ //■>, -,/«-/'^) and F<'^={fo''\ -./.-/'^ be two 

incompletely specified column functions. In this case, for 
each element of F^^^ and where ff^^=d or ff^^=d, doing the* 

following logical operation jf^^ • jf^^ is the assignment of 
constant values to the don't carefs>l. 

[0061] 
[Equation 14] 



{ 1 (if [/<^> ^ 1 A =d]V [/^^ = d A = 1]) 

0 (if [/f > = 0 A > = d] V [fl'^ = d A = 0]) (14) 
d (if//'>=dA/P>=d) 



[End of Definition ] 

[0062] 

[Definition 14] (Compatibility of functions ) 

Two incompletely specified function fa and fi, are compatible 
if they can be the same function by assigning the constants to 
don't ca,re(s). And, it is denoted by fa^ fb- 
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[End of Definition 1 

[0063] 
[Lemma 1] 

Let the characteristic functions of three incompletely 
specified functions be Xoi Xbi and Xc- 

If Xb and Xd=^XaXb, then %c~ Xa and %c~ Xb holds. 

[End of Lemma] 

[0064] 
[Example 5] 

In the decomposition chart in Table 1, the pair of column 
functions {O i, O 2},{^ u ^ 3},{^ 3, ^ 4} are compatible. By 
making the logical product of columns O 1 and 4> 2/ and replace 
them with O 1* and O 2*/ respectively. Also, by making the 
logical product of columns O 3 and O 4/ and replace them with 
O 3* and 0 4*, we have Table 3, and the column multiplicity of 
Ai =2 . 

[End of Example ] 

[0065] 
[Table 3] 

00 01 10 11 

0 I 0 I 1 I 1 
\ \ d d 
110 0 
^0 0 0 0_ 

n n n n 

[0066] 

[Definition 15] (Compatible graph) 

The graph where each node corresponds to the function, and 
an edge denotes a pair of compatible functions is the compatible 
graph . 

[End of Definition ] 

[0067] 

[2] The basic principle of present invention 



^2 = {^3, ^4} 



00 

01 
10 

11 
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(1) Reduction of width for the BDD_for_CF representing an incompletely 
specified multiple-output logic function 

First, we explain the method to reduce the width of the 
BDD_for__CF representing an incompletely specified 
multiple -output logic function. A method is to consider one 
node of the BDD__for_CF, if the two child are compatible,, then 
merge the children. We can repeat this procedure to reduce the 
number of nodes. Algorithm 1 is a description of this method. 

[0068] 
[Algorithm 1] 

From the root node of the BDD_for_CF, do the following 
precess recursively : 

(1) If the node v do not involve the don't care, then 
terminate ; 

(2) Check if two child nodes vq and vi of v are compatible; 

If they are incompatible, recurse for vq and Vi ; 

If they are compatible, replace vq and vi with Vnew 
Recurse the operation to Vnew- Let x o, % i/ ^^^d % „ew be 
characteristic functions for the nodes, Vo, vi , and Vnew, 
respectively. Then, we have the relation Xnew=Xo • %i- 

[0069] 
[Example 6] 

Table 4 shows the truth table of a 4 -input 2 -output 
incompletely specified function. 

[0070] 
[Table 4] 
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[0071] 

Fig ,4 (a) shows the BDD_for_CF of the incompletely 
specified multiple-output function representing the truth 
table in Table 4. In Fig. 4 (a) , nodes 1 and 2 have compatible 
child nodes . By applying Algorithm 1 to the BDD_f or_CF, we have 
the BDD shown in Fig. 4 (b) . In this function, the node that 
replace node 1, and the node that replace nodes 2 will be the 
same, the nodes 1 and 2 are replaced with node 3 in Fig. 4 (b) . 
In Fig. 4, the column headed width that are located in the 
right-hand side of the BDD_for_CF, shows the width of each 
height. After the operation, the maximum width is reduced from 
8 to 5, and the number of non-terminal nodes is reduced from 
15 to 12. 

[End of Example ] 

[0072] 

The method to reduce the width of graph in Algorithm 1 has 
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an effective to reduce the number of nodes locally. However, 
this method only consider the compatibility of child nodes of 
a node, and not so effectively for global reduction of the width 
of BDD_f or_CFs . Thus , in the next we will show a method directly 
reduce the width of graphs, that considers all the compatibility 
of the sub- functions corresponding to the width of the 
BDD_for_CF, and then perform matching. 
[0073] 

In a functional decomposition, by checking the 
compatibility of all the pairs of column functions, and then 
by making the compatible graph, and finally by covering nodes 
with the minimum complete subgraphs (cliques) , we can minimize 
the column multiplicity n . However, this node covering 
problem is known to be NP-hard (See non-patent literature 16) . 
Thus, we are going to use the following heuristic method 
represented by Algorithm 2 : 

[0074] 

[Algorithm 2] (Node covering by clique set) 

Let Sa be a set of all the nodes in the given compatible 
graph. Let C be the set of node sets. FTom Sat remove the nodes 
that are not connected with any edge, and make a set of nodes 
(clique) with one element, and let it be an element of C. 
While iSfl=5^(p, iterate the following operations (1)~ (3): 

(1) Find the nodes that have the smallest edges in Sa- 
Let V/ be such node. Let Sr^ {v/}. Among Sa, let Sb be the set of 
nodes that are connected to V/; 

(2) While Sb ^ <i> , iterate the following 
operations (a) , (b) ; 

(a) Sb Find the node vj that has the minimum number 
of edges, and let 5/^ i'/U {vy} , and Sb—^ Sb'{vj}\ 

(b) From Sb, remove the nodes that are not 
connected to vj; 

(3) Let C-^ CU {Si} and Sa-Si. 
[0075] 

By using the node cover of clique set on the compatible 
graph, we can reduce the width of the BDD_for_CF with the 
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following Algorithm 3. 
[0076] 

[Algorithm 3] (Reduction of width of the BDD_for_CF) 

Let / be the height of the given BDD_for__CF, let the height 
of the constant nodes be 0 . For the height from t-l to 1, iterate 
the following operations: 

(1) Make the set of all the column functions for each 

height ; 

(2) Make the compatible graph from the set of column 
functions ; 

(3) Perform the node covering by a clique set (for 
example, Algorithm 2) ; 

(4) For each clique, assign constants to the don't 
care(s) in the column functions corresponding to the nodes that 
are covered by the clique, and make a single column function; 

(5) Replace all the column functions by the assigned 
column function produced in (4) , re -construct the BDD_for_CF. 

[0077] 

By using this method to reduce the width of graph, we can 
find the assignment to the constants to the don't care(s) 
optimally, by evaluating globally the compatibility of sub 
function of the characteristic function. Thus, we can 
efficiently reduce the width of the BDD__for_CF. 

[0078] 

(2) Functional decomposition of the objective logic function, and generation of 
LUT networks 

Next, we will explain the principle of the method to 
synthesis the LUT logic circuit from the BDD_for_CF. The 
synthesis of the LUT logic circuit in present invention uses 
partition of the BDD_for_CF and the deletion by shorting. When 
two networks are realized by partitioning the BDD_for_CF, the 
number of lines that connect two networks can be derived from 
Theorem 1 : 
[0079] 
[Theorem 1] 

Let X\ and X2 be the set of the input variables, and Y\ and 
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Y2 be the set of output variables. Let {X\^Y\yK2^Y'2) be the variable 
ordering of the BDD_for_CF, and let W be the width of the 
BDD_for_CF at the height |A^2M1^2l- Where, edges to constant 0 
from the nodes representing outputs are ignored. When we 
realize the multiple-output logic function by the network in 
Fig. 3, the necessary and sufficient number u of connections 
between two networks H and G is give by Eq. (15) . 

[0080] 
[Equation 15] 

u-nog2^n (15) 

[End of Theorem] 

[0081] 
(Proof) 

From the method of realization for the BDD_for_CF, it is clear 
that the output functions Y\ and Y2 are represented by network 
in Fig. 3. In the BDD_for_CF, the deletion by shorting of the 
node for the output Y\, will make the BDD__for_CF represent the 
function other than Y\, With this operation, the width of the 
BDD_for_CF does not increase. Let W be the width of BDD at 
the height |A"2|+|l2|- In the decomposition chart of ^J%{X\)^i), the 
column multiplicity is equal to W. Thus, the sufficient number 
of interconnections between networks H and G is 

[0082] 
[Equation 16] 

riog^PF] (16) 

On the other hand, since the column multiplicity of the 
decomposition chart is W, we need at least the number given 
by Eq. (16) for interconnections between two blocks. 

(Q.E.D.) 

[0083] 

By using the partition of the BDD_for_CF, and the deletion 
by shorting, and the above-mentioned [Theorem 1] , we can 
decompose the objective logic function as follows: 

[0084] 
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First, let (Xu Yu X2, Y2X Y\ = (yo, y\, yk-\XY2 = (yk, yk+\, '\ym-\) be 
the ordering of the variables for the BDD_for__CF representing 
the objective logic f unction F=(/o,/i, "yfmA)- In this case, yj=fj{X\) 
(/=0, 1, '",^-1) can be directly implemented by the network H shown 
in Fig- 3. 

Let fFbe the width of the BDD_for_CF at the height |A"2My2|- 
Assign the different binary numbers of u bits ( u is given by 
Eq. (15)) to edges. Let h\, hi, "',hu be the functions realized 
by the edges connecting two blocks H and G. The output Y2 of 
block G can be represented as a logic function of (Ai,/j2, "',huy 
X2), and the BDD_for_CF can be represented as Fig. 5. 

[0085] 
[Example 7] 

In This Example, we illustrate the design of binary adder 
(ADR2) that adds two 2 -bit binary numbers, by using the 
functional decomposition with intermediate outputs. The 
input -output relation of ADR2 can be defined as Eq. (17) . Thus., 
so9S\,S2 can be represented by Eq. (18) . And the truth table is 
shown in Fig. 6 (a) . 

[0086] 
[Equation 17] 

+) fci bp (17) 

^2 ^1 ^0 

[0087] 
[Equation 18] 

50 = ao © fro 

si = ao&o e (ai 9 61) (18) 
52 = aobo{ai V 61) V aibi 

[0088] 

Let X]='(aoybo), Y\={so), X2^(a\,b\), and Y2==(s\,S2) be the partition 
of the variables. In this case, the variable ordering is (X\, 
Y\,X2yY2) = (ao,bo,soya\,b\yS\,S2). So, we have the BDD_for_CF of the 
ADR2 shown in Fig. 6 (b) . Partition the variables as Z=(Z^, Z^), 
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Za = (-^1, Y\), Zb = Yi), realize Za by the network H in Fig. 3, 
realize Zb by the network G in Fig. 3. Then, the width W ot the 
BDD_for_CF at the height \Zb\ is two. Thus, by Eq. (15) , only one 
line is sufficient between networks H and G. The output 5o can 
be represented as the function of X\. 
[0089] 

Also, the BDD_for_CF realized by the tuple Za can be 
represented as Fig. 7 (a) . This BDD is obtained by removing the 
root node side (upper part) above the partition line of the 
BDD_for_CF in Fig . 6 . In Fig . 7 (a) , the edges .connecting to the 
constant 0 of the characteristic function are omitted. Since 
only one line connects two networks H and G, in the terminal 
nodes of graph in Fig. 7 (a), we introduce an intermediate 
variable /21, and assign 1 bit to each terminal node. Note that 
we can assign an arbitrary 1-bit code to the variable h\. This 
BDD_f or_CF can be easily converted to the multi terminal binary 
decision diagram (MTBDD) . 

The graph in Fig .7(a) can be transformed in the MTBDD shown 
in Fig. 7 (b) . From the MTBDD in Fig. 7 (b) , we can generate 
the LUT that corresponds to the network H as shown in Fig. 7 
(c) . 

[0090] 

Next, in the BDD_for_CF shown in Fig. 6, by using the 
intermediate variable h\ introduced before, replace the upper 
part of the partition line of the BDD_for_CF shown in Fig. 6 
(b) , with the decision tree having the input variables h\ . With 
this operation, the BDD_for_CF can be transformed into Fig. 8 
(a) . In Fig .8 (a) , the edges to constant 0 of the characteristic 
function are omitted. This BDD_for_CF can be easily converted 
into the MTBDD. Fig. 8 (b) is the MTBDD obtained from Fig. 8 
(a) by transforming the graph. Furthermore, from the MTBDD 
shown in Fig. 8 (b) , we can generate the LUT as Fig. 9 (a) , which 
corresponds to G. Thus, finally, we have the LUT cascade shown 
in Fig. 9 (b) . 

[End of Example ] 

[0091] 
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[3] Realization and Operation of this Invention 

The first construction of the Device for Reducing the Width 
of Graph in accordance with the present invention is a "Device 
for Reducing the Width of Graph" which reduces the width of the 
Binary Decision Diagram for Characteristic Function 
(BDD_for_CF) , where BDD_for_CF is a characteristic function x 
(X,Y) defined in Eq. (19) , X=(xu"^„){n^N, N is a set of natural numbers) 
denotes input variables, Y=(yoy - y^-i) im^2, m^N) denotes the 
output variables of a multiple -output logic function F(X), and 
F(X)={fQ(X), ' /miW) is an incompletely specified function to the 
output including don't care, comprising: 

(A) "Means to Store Node Table" storing the node table which 
is the table of node data that consists of the labels of variables 
and pairs of edges eo(vi) and e\(Vi) , where the labels of variables 
are labels given to the variables Zi (zi^(XU Y)) corresponding to 
said each non- terminal node v/ in the BDD_for_CF of the 
multiple-output logic function F(X), and a pair of edges eo (v/) 
and e\ (vi) that points the next transition child node(s) when the 
input values of Zi{zi^(XU Y)) are 0 and 1; 

(B) "Means to Find the Dividing Lines" setting the height 
lev of the partition which partitions BDD_f or_CF represented by 
said node table stored in said "Means to Store Node Table"; 

(C) "Means to Generate Column Functions" generating a 
column function which represents the column of the 
decomposition chart derived by the functional decomposition 
from said node table stored in said "Means to Store Node Table" , 
where the decomposition is obtained by partitioning said 
BDD__f or_CF by said height lev of the partition set by said "Means 
to Find the Dividing Lines"; 

and (D) "Means to Reconstruct Assigned BDD" which assigns 
the constants to the don't care in the compatible column 
functions of column function generated by said "Means to 
Generate Column Functions", and consequently makes these 
compatible column functions to the identical column functions 
(hereafter, assigned column functions) , and reconstructs said 
BDD_for_CF using the new assigned column function, and finally 
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updates the node table in said "Means to Store Node Table". 

[0092] 
[Equation 19] 



(19) 



where fi_Oyfi_\fi_d are OFF function, ON function and DC function 
defined as Eq. (20) each other. 

[0093] 
[Equation 20] 



With this construction, when the "Means to Find the Dividing 
Lines" set the height lev at the partition, the "Means to Generate 
Column Functions" generates the column functions that are 
obtained by decomposing the BDD_for_CF using the partition by 
the height lev. And, the "Means to Reconstruct Assigned BDD" 
make the compatible column functions identical by assigning the 
constants to the don't care(s) . At the same time, by using the 
new assigned column function, the "Means to Reconstruct 
Assigned BDD" reconstruct the BDD_for_CF and updates the node 
table of the "Means to Store Node Table" . With this operation, 
the width of the BDD_for_CF at the height lev is reduced. 



In general, in the functional decomposition by using a 
binary decision diagram, the smaller the width of the binary 
decision diagram, the smaller the circuit after functional 



statement, by assigning the constants to the don't care(s) , we 
can reduce the width of the binary decision diagram and also 
reduce the size of logic circuit after functional 
decomposition . 




[0094] 



[0095] 



decomposition becomes . 



Thus, as shown in the previous 



[0096] 
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The second construction of the Device for Reducing the Width 
of Graph in accordance with the present invention is 
characterized in that in the first construction, wherein: 

the device comprises; 

(E) "Means to Store Compatible Graphs" storing the 
compatible graph as a table of function node data, that is a 
table of column function labels of said each function node and 
the data of compatible edges connected to the function node, 
where compatible graph is a graph which has said column 
functions as nodes (function nodes) , and wherein a pair function 
nodes corresponding to the column functions compatible each 
other are connected by an edge (compatible edge) ; 

(F) "Means to Generate Compatible Edges" which selects the 
pair of compatible column function from the set of column 
functions corresponding to said each function node data, stored 
in said "Means to Store Compatible Graphs", and then adds a 
compatible edge which connects these function nodes with 
function node data corresponding to these compatible column 
functions, and finally updates the function node data stored 
in said "Means to Store Compatible Graphs"; 

and (G) "Means to Generate Cliques" covering nodes with 
the minimum number of complete subgraphs (cliques) for all nodes 
in said compatible graph, and then generating clique data of 
function node set contained within the clique; 

and said "Means to Generate Column Functions" generates 
column functions corresponding to each edge of nodes at said 
height lev of the partition set by said "Means to Find the Dividing 
Lines" from said node table stored in "Means to Store Node Table" , 
and then generates said function node data . having column 
function labels corresponding to these column functions, and 
then stores in said "Means to Store Compatible Graphs", 

and said "Means to Reconstruct Assigned BDD" reconstructs 
said BDD_f or_CF by making some column functions to the identical 
assigned column functions by assigning the constants to don't 
care of the column functions corresponding to each function node 
contained in the clique data produced by said "Means to Generate 
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Cliques", and updates said node table in said "Means to Store 
Node Table" . 
[0097] 

In this construction, the "Means to Generate Column 
Functions" produces column functions corresponding to the each 
edge of the nodes at the height lev of the partition from the 
node table stored in the "Means to Store Node Table". Then, 
it generates said function node data corresponding to each 
column function with column function labels and stores into said 
"Means to Store Compatible Graphs". 

The "Means to Generate Compatible Edges" select a set of 
compatible column functions from the column functions 
corresponding to the node data stored in "Means to Store 
Compatible Graphs". 

And, it appends the compatible edges that connect 
compatible function nodes to the nodes corresponding to the 
selected compatible column functions to update the node data 
for the function. 

Next, the "Means to Generate Cliques" do the node covering, 
and generates the clique data that covers the all the nodes in 
the compatible graph by using the minimum number of cliques. 

Finally, for each clique data, the "Means to Reconstruct 
Assigned BDD" assigns the constant to the don't careis) in the 
column function corresponding the node in the clique data to 
make identical assigned column functions. 

And it reconstruct the BDD_for_CF by the assigned column 
functions to update the node table. 

[0098] 

As shown above, by performing steps (1)~ (5) in the above 
mentioned Algorithm 3 , we can reduce the width of the BDD_f or_CF 
by finding the clique cover 

of the compatible graph for the column functions. 

In present invention, the reduction of the width of the 
BDD_for_CF are very effective, since the assignments of 
constants to the don't ca.re(s) are determined globally by 
considering the compatibility of all the sub functions. 
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[0099] 

In this case, it is desirable that the "Means to Generate 
Cliques" covers all the nodes in the compatible graph by using 
the minimum number of cliques. However, as mentioned before, 
the problem to find the node cover by using the minimum number 
of cliques is NP-hard, and impractical to obtain the exact 
minimum. Thus, in practice, the "Means to Generate Cliques" 
is constructed so that it generates as few cliques as possible 
to cover nodes by using a heuristic method. 

[0100] 

The third construction of the Device for Reducing the Width 
of Graph in accordance with the present invention is 
characterized in that in the first or second construction, 
wherein : 

said "Means to Find the Dividing Lines" sets the height 
lev of the partition sequentially from the height of the child 
node of the root node in BDD_for_CF represented by said node 
table stored in said "Means to Store Node Table", towards the 
low height, and 

said "Means to Reconstruct Assigned BDD" reconstructs 
sequentially in said each height lev of the partition set by said 
"Means to Find the Dividing Lines". 

[0101] 

In this construction, width reduction of BDD_for_CF is 
performed according to above-mentioned algorithm 3 from the 
height t-l of the child node of the root node existing in the 
height t in BDD_for_CF to the height 1 of the node being upon 
the constant node . 

Therefore effective width reduction of BDD_for_CF becomes 
possible for all support variables in the multiple-output logic 
function . 

[0102] 

The first construction of the Device for Logic Synthesis 
in accordance with the present invention is, 

a "Device for Logic Synthesis" whicli generates loolc-up tables 
(LUTs) of the data for constructing logic circuits 
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corresponding to said multiple-output logic function F(X) from 
the BDD_for_CF of the multiple -output logic function F(X)^(foiX), 
' ',fm\{X)) with input variables X={xu ...,x^{n^N), comprising: 

(A) "Means to Store Node Table" storing BDD__for_CF 
representing the characteristic f unction x(^, ^0 (where y=(yo, 
ym-x) (rn^2, m^N) denotes output variables of F(X)) defined in 
Eq. (21) , as the node table which is the table of node data that 
consists of the labels of variables and pairs of edges eoivi) and 
^i(v/), where said multiple-output logic function F(X)=(fo{X), 
fm-iW) is a completely specified function, the labels of 
variables are labels given to the variables z/ (zi ^ (X U Y)) 
corresponding to said each non- terminal node V/ in the BDD_f or_CF, 
and a pair of edges eoiyi) and ex (v/) that points the next transition 
child nodes when the input values of Zi (zi^(XU Y)) are 0 and 1; 

(B) "Means to Store LUTs" storing said LUTs; 

(C) "Means to Find the Dividing Lines" setting the height 
lev of the partition which partitions BDD_for_CF represented by 
said node table stored in said "Means to Store Node Table"; 

(D) "Means to Reduce by Shorting" performing 
shorten-processing that is the processing to replace the edge 
edyk) that points the node Vj among two edges eo(Vk) and ei(yk) of the 
parent node of the node vj, by the edge ei,(yj) other than the 
edge ea(yj) of the node vj, in the case that the terminal node related 
to x(X,Y)=0 pointed by the edge eaiyj) of either the edges eo(vy) or 
e\{vj) of the node vj, about the node data of the node vj related 
to the variable yf(^Y) representing output and the parent node 
Vk of the node vj, where the nodes Vj and vjt are contained in the 
subgraph Bq including the root node among the node data of 
non-terminal nodes stored in said "Means to Store Node Table", 
in the case of partitioning BDD_for__CF to the two subgraphs Bq 
and B\ at the partition line in said height lev of the partition; 

(E) "Means to Measure the Width of BDDs" which counts the 
number of the edges that point the child nodes of the 
non- terminal nodes, whose height is smaller than said height 
lev of the partition, among the edges which are the non-terminal 
nodes in BDD_for_CF to which said shorten-processing by said 
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"Means to Reduce by Shorting" is applied and which belong to 
the non- terminal nodes whose height is larger than said the 
height lev of the partition (where the edges pointing the same 
node is counted as one, and the edge to point the constant 0 
is disregarded) , and produces the number at the partition line 
in said height lev of the partition as the width W; 

(F) "Means to Compute the Intermediate Variables" counting 
the number of the intermediate variables u following Eq. (22) , 
using the width W produced by said "Mean to Measure the Width 
of BDDs" ; 

(G) "Means to Generate LUTs" which generates LUTs from the 
node data and stores said LUTs in said "Means to Store LUTs", 
for the non- terminal nodes which belong to the subgraph Bq 
including the root node, among the non- terminal nodes stored 
in said "Means to Store Node Table" , in the case of partitioning 
said BDD_f or_CF into two subgraphs at the partition line in said 
height lev of the partition; 

and (H) "Means to Re-construct BDDs" which generates a 
binary tree which has 

the same number of the control inputs as the number of the 
intermediate variables u which is counted by said "Means to 
Compute the Intermediate Variables", and reconstructs the 
BDD_for_CF by replacing the node data of non-terminal nodes in 
subgraph Bo of BDD_for_CF stored in said "Means to Store Node 
Table" with the node data representing said binary tree, and 
updates the node table stored in said "Means to Store Node Table" 
by the node data of the non- terminal nodes in said reconstructed 
BDD_f or_CF . 
[0103] 

[Equation 21] 

m-l 

x'(^,n- A(j/,^/i(x)) (21) 

[0104] 
[Equation 22] 
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u= flogs I'Fl (22) 

[0105] 

In this construction, 
(a) First, node data of BDD_for_CF of the objective logic 
function performing logic circuit synthesis are stored in the 
"Means to Store Node Table". Means to Reduce by Shorting 
performs deletion by shorting process for the sub-graph Bq 
including the root node at the partition line of the height lev, 
where the BDD_f or_CF is constructed by the node data stored in 
the "Means to Store Node Table" . The deletion by shorting 
process is expounded in the section of above-mentioned " [2] 
basic principle of present invention" . The "Means to Measure 
the Width of BDDs" measures the width W on above-mentioned 
partition line, in BDD_for_CF obtained by above-mentioned 
deletion by shorting process. And, the "Means to Compute the 
Intermediate Variables" counts the number of the intermediate 
variables u by Eq. (22) . 
[0106] 

(b) Next, the "Means to Generate LUTs" generates LUTs of 
the sub-graph Bq including the root node, where the sub-graph 
Bo is the one of sub-graphs obtained by partitioning of the 
BDD_for_CF by the partition line of the height lev, and the 
BDD_f or_CF is constructed by the node data stored in the "Means 
to Store Node Table". The principle of the generating method 
is explained already in the section of above-mentioned " [1] 
basic principle of present invention" , The outputs of this LUTs 
are output variables Yo = (yo, "'yyk\) including the sub-graph Bq 
and u intermediate variables H=(h\, - ,hu) . The data of the 
generated LUT stores in the "Means to Store LUTs" . Appropriate 
codes can be assigned to the nodes of the intermediate variables 
H. 

[0107] 

(c) Finally, the "Means to Reconstruct BDDs" generates a 
binary tree including u control inputs, and above-mentioned 
intermediate variable H=(h\^ '',hu) is made to correspond to each 
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control input. And the "Means to Reconstruct BDDs" stores node 
data of each node including re-construct BDD_for_CF by this 
process in the "Means to Store Node Table" , so BDD_f or_CF stored 
in the "Means to Store Node Table" is updated. 
[0108] 

The above processes (c) are repeated to decompose 

objective logic function into plural sub-functions and to 
realize an LUT cascade logic circuit- Also, we realize an LUT 
network logic circuit by transforming the look-up table 
generated by "Means to Generate LUTs" into a BDD_for_CF and 
decomposing functions using similar process. 
[0109] 

In the "Device for Logic Synthesis" of the present 
construction, we can prevent the excessive increase of the 
column multiplicity of the decomposition chart wherein a bound 
variable is used as a variable relating to the sub-graph Bo, 
by setting the position of the partition line to an appropriate 
height so that the size of the sub-graph does not become too 
large. Therefore, we can realize a "Device for Logic Synthesis" 
using relatively small amount of memory. Since the column 
multiplicity of the decomposition chart can be reduced, we can 
reduce the amount of computation and Memory Access, and the 
operation of the decomposition of logic function can be faster. 

[0110] 

In the deletion by shorting process by said "Means to Reduce 
by Shorting" , we may implement the deletion by shorting process 
by actually rewriting the structure of the node table . However, 
we can also assume that deletion by shorting is implemented by 
changing the evaluation program of BDD_f or__CF without changing 
the structure of the node table. For example, for the nodes 
of the output variables to which short ing process is implemented, 
we rewrite the nodes label to a specific value. We can decide 
whether the variable is an output variables or not by checking 
the nodes label, and we can consider that deletion by shorting 
is virtually implemented. 

[0111] 
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The second construction of the Device for Logic Synthesis 
in accordance with the present invention is, characterized in 
that in the first construction, said "Means to Store Node Table" 
stores the BDD_for_CF as a node table, where said BDD_for_CF 
is a graph that represents the characteristic function JiiX^Y) 
(where Y=(yo, "'^ym-i) (m^l, m^N) denotes the output variables of 
F(X)) defined in Eq. (19) , with said multiple -output logic 
function F(X)=(fo(X), , fm-\W) of an incompletely specified 
function that includes don't cares in outputs, said node table 
is the table of the node data that consists of the labels of 
variables and pairs of edges eo(v/) and ei(v,), said labels of 
variables are labels given to the variables z/ (z/ ^ U Y)) 
corresponding to said each non- terminal node V/ in the BDD_f or__CF, 
and said pair of edges eo (v/) and €\ (v,) that points the next 
transition child nodes when the values of Zi(zi^{XU Y)) are 0 and 
1; 

[0112] 

With this construction, we can implement LUT cascades and 
LUT network logic circuits not only for completely specified 
multiple-output functions but also for incompletely specified 
multiple-output functions . 

[0113] 

The third construction of the Device for Logic Synthesis 
in accordance with the present invention is, characterized in 
that in the second construction, wherein 

the device comprises the "Device for Reducing the Width 
of Graph" according to any one of Claims 1 to 3, 

and said "Means to Reduce by Shorting" reduces the width 
of BDD_for__CF represented by said node table stored in said 
"Means to Store Node Table" by said "Device for Reducing the 
Width of Graph", and then performs said shorten-processing 
on the updated node table. 

[0114] 

With this construction, since synthesis of LUT cascade is 
implemented after reducing the width of BDD_for_CF of the 
incompletely specified function, the redundancy of the 
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incompletely specified multiple-output function is reduced and 
we can improve memory use efficiency of LUT cascade. 
[0115] 

The fourth construction of the Device for Logic Synthesis 
in accordance with the present invention is characterized by 
that in any of the first to third constructions, wherein the 
device comprises: 

Means to Decide the Ordering of Output Variables deciding 
the order n of elements of said multiple-output logic function 
F(X) to minimize the value of T represented in Eq. (23) , where 
7c=(7c[0], 7c[/w-l]) ( 71 [i]=j represents that /} is the i'th element) 
is the order of the logic functions foiX), that are 

elements of said multiple-output logic function and suppijj) 

is the set of the input variables that influence the logic 

f unc t i on fj F{X)) ; 

Means to Decide the Ordering of all the Variables deciding 
the order of the variables yji^Y) representing the outputs and 
input variables Xi{^X) in the order P that satisfies Eq. (24) ; 

and "Means to Generate BDDs" which generates node data of 
the BDD_for__CF according to the order P decided in said "Means 
to Decide the Ordering of all the Variables", and then stores 
in said "Means to Generate BDDs". 

[0116] 
[Equation 23] 
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[0117] 
[Equation 24] 

P = ^supp(/,[oi).y„[oi,supp(/,[i]) - supp(/,(o)),y,(i),supp(/^aj) - ^gsupp(/,[»))j ,y,(2), 

• • • .SUPp(/»Im-ll) - SUpp(/„[Aj)j ,2/»lm-Jl^ 

(24) 

[0118] 

The BDD for CF of the practical multiple -output logic 
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function is a considerable size usually. Therefore, the method 
to partition the outputs is necessary- So, according to 
above-mentioned construction, the "Means to Decide the Ordering 
of Output Variables" decides the order of logic functions foiX), 
"',fm-\W to minimize the value T represented by Eq. (23) . So the 
number of the node data of BDD_for_CF generated by the "Means 
to Generate BDDs" is reduced. 

In the BDD_for_CF, for each output variable yj=/}iX), input 
variables on which the output variables depends, are put on the 
higher level than the level of the output variables yj. So these 
variables are arranged in the order that the dependent variables 
do not increase as much as possible . And BDD_f or__CF is generates 
while adding one output one by one. Thus, the outputs are 
optimally partitioned. The processing time required for logic 
circuit synthesis can be shortened and a high-speed logic, 
circuit can be synthesized. 
[0119] 

The first construction of the Method for Reducing the Width 
of Graph in accordance with the present invention is a Method 
to Reduce the Width of Graph which reduces the width of the 
BDD_f or_CF, in the system comprising "Means to Store Node Table" 
which stores the node table which is the table of node data that 
consists of the labels of variables and pairs of edges eoiyi) and 
e\(vi), where BDD_for_CF is a characteristic function % 
defined in Eq. (19) , X=(xu" ,x„)(n^N, N is a set of natural numbers) are 
input variables, Y=(yo, "\ ym-\) {m^2, m^N) denotes the output 
variables of a multiple-output logic function F{X), F{X)=(fo{X)y 
"•/m-\(X)) is an incompletely specified function to the output 
including don't care, the labels of variables are labels given 
to the variables Zi(zi^(XU Y)) corresponding to said non- terminal 
node V| in the BDD_for_CF of the multiple-output logic function 
F(X), and a pair of edges eo (v/) and e\ (v/) that points the next 
transition child nodes when the input values of z,- (z/^(-ArU 7)) are 
0 and 1, comprising the steps of: 

a) a "Step to Find Dividing Lines" setting the height lev 
of the partition which partitions BDD_for_CF represented by 
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said node table stored in said "Means to Store Node Table"; 

b) a "Step to Generate Column Functions" generating a column 
function which represents the column of the decomposition chart 
derived by the functional decomposition from said node table 
stored in said node table in said "Means to Store Node Table", 
where the decomposition is obtained by partitioning said 
BDD__for_CF by said height lev of the partition set in said "Step 
to Find Dividing Lines"; 

c) an "Step to Reconstruct Assigned BDD" assigning the 
constants to the don't care in the compatible column functions 
of the column function generated in said "Step to Generate 
Column Functions", and consequently making these compatible 
column functions to the identical column functions (hereafter, 
assigned column functions) , and reconstructing said BDD_for_CF 
using a new assigned column function, new assigned column 
functions, and finally updating the node table in said "Means 
to Store Node Table". 

[0120] 

The second construction of the Method for Reducing the Width 
of Graph in accordance with the present invention is 
characterized in that in the first construction, wherein: 

said system comprising "Means to Store Compatible Graphs" 
storing the compatible graph as a table of function node data, 
that is a table of column function labels of said each function 
node and the data of compatible edges connected to the function 
node, where the compatible graph is a graph that has nodes of 
column functions (function nodes) , and wherein a pair of 
function nodes corresponding to column functions compatible 
each other with an edge or edges (compatible edges) , and 
comprising : 

said "Step to Generate Column Functions" in which, 
generates column functions corresponding to each edge of nodes 
at said height lev of the partition set in said "Step to Find 
Dividing Lines" from said node table stored in "Means to Store 
Node Table" , and then generates said function node data labeled 
by column function labels corresponding to these column 
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functions, and then stores in said "Means to Store Compatible 
Graphs " ; 

a "Step to Generate Compatible Edges" which selects the 
pair of compatible column functions from the set of column 
functions corresponding to said each function node data, stored 
in said "Means to Store Compatible Graphs", and then adds 
compatible edge which connects function node data corresponding 
to these compatible column functions and these function node, 
and finally updates the function node data stored in said "Means 
to Store Compatible Graphs"; 

a "Step to Generate Cliques" covering all nodes in said 
compatible graph with the minimum number of complete subgraphs 
(cliques) and then generating clique data of the function node 
set contained in the clique; and 

said "Step to Reconstruct Assigned BDD" which reconstructs 
said BDD_for_CF by making some column functions to the 
identically assigned column functions by assigning constants 
to the don't cairG(s) of the column functions corresponding to 
each function node contained in the clique data produced by said 
"Means to Generate Cliques" , and updates said node table in said 
"Means to Store Node Table". 

[0121] 

The third construction of the Method for Reducing the Width 
of Graph in accordance with the present invention is 
characterized in that in the first or second construction, 
wherein: 

said "Step to Find Dividing Lines" to said "Step to 
Reconstruct Assigned BDD" is performed while changing said 
height lev of the partition sequentially from the height of the 
child node of the root node in BDD_for_CF represented by said 
node table stored in said "Means to Store Node Table", towards 
the lower height . 

[0122] 

The first construction of the Method for Logic Synthesis 
in accordance with the present invention is a Method for Logic 
Synthesis which generates loolc-up tables (LUTs) of the data for 
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constructing logic circuits corresponding to said 
multiple -output logic function F{X) from the BDD_for__CF of the 
multiple-output logic function F{X)={fo{X)^ fm-iiX)) with input 
variables X=(x\, ,..,x„) (n^N), in the system comprising: 

"Means to Store Node Table" storing BDD__for_CF 
representing the characteristic function xC^j^O (where y=(yo» 

('w = 2, w^AO denotes the output variables of F(X)) defined in 
Equation (21) , as the node table which is the table of the node 
data that consists of the labels of variables and pairs of edges 
eo(v/) and ei(v/), where said multiple-output logic function F(A^=(/b(A^, 
/n-iW) is a completely specified function, the labels of 
variables are labels given to the variables z, (zi ^ (X U Y)) 
corresponding to said non- terminal node v/ in the BDD_for_CF, 
and a pair of edges eo (v/) and e\ (v/) that points the next transition 
child node(s) when the input values of Zi{zi^(XU Y)) are 0 and 1; 
and 

"Means to Store LUTs" storing said LUTs, and comprising: 

a "Step to Find Dividing Lines" setting the height lev of 
the partition which partitions BDD_for_CF represented by said 
node table stored in said "Means to Store Node Table"; 

a "Step to Reduce by Shorting" performing 
shorten-processing that is the processing to replace the edge 
ecivk) that points the node vj among two edges eo{vk) and e\(yk) of the 
parent node Vk of the node vj, by the edge ei,{vj) other than the 
edge eaiyj) of the node vj, in the case that the terminal node related 
to %(A^,y)=0 pointed by the edge eaiy/) of either edge eo(vj) or e\(vj) 
of the node Vy, about the node data of the node vj related to 
the variable y^^Y) representing the output and the parent node 
Vk of the node vj, where the nodes vj and vjt are contained in the 
subgraph Bq including the root node among the node data of 
non-terminal nodes stored in said "Means to Store Node Table", 
in the case of partitioning BDD_for_CF to the two subgraphs Bq 
and ^1 at the partition line in said height lev of the partition; 

a "Step to Measure the Width of BDDs" which counts the number 
of the edges that point the child nodes of the non- terminal nodes, 
whose height is smaller than said height lev of the partition, 
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among the edges which are the non- terminal nodes in BDD_for_CF 
to which said shorten-processing by said "Means to Reduce by 
Shorting" is applied, and which belong to the non- terminal nodes 
whose height is larger than said height lev of the partition 
(where the edges pointing the same node is counted as one, and 
the edges pointing the constant 0 are ignored) , and produces 
the number at the partition line in said height lev of the 
partition as the width W; 

a "Step to Count the Intermediate Variables" counting the 
number of the intermediate variables m by Eq. (22) , using the 
width W; 

a "Step to form LUT" which generates LUTs from the node 
data and stores said LUTs in said "Means to Store LUTs", for 
the non-terminal nodes which belong to the subgraph 5o including 
the root node, among the non- terminal nodes stored in said 
"Means to Store Node Table", in the case of partitioning said 
height 

a "Step to Reconstruct BDD" which generates a binary tree 
which has the same number of control inputs as the number of 
intermediate variables u which is counted by said "Means to 
Compute the Intermediate Variables", and reconstructs the 
BDD_for_CF by replacing the node data of non- terminal nodes in 
subgraph Bo of BDD_for_CF stored in said "Means to Store Node 
Table" with the node data representing said binary tree, and 
updates the node table stored in said "Means to Store Node Table" 
by the node data of the non- terminal nodes in said reconstructed 
BDD_f or_CF . 

[0123] 

The second construction of the Method for Logic Synthesis 
in accordance with the present invention is characterized in 
that in the first construction, wherein said "Means to Store 
Node Table" stores the BDD_for_CF as a node table, where said 
BDD_for_CF is a graph that represents the characteristic 
function JO (where y=(yo, .ym-x) {rn^l, m^N) denotes the output 
variables of defined in Eq, (19) , with said multiple-output 

logic function F(A)=(/b(A), "',fm.x{X)) of an incompletely specified 
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function including don't care in outputs, said node table is 
the table of the node data that consists of the labels of 
variables and pairs of edges eoiyi) and ei(v,), said labels of 
variables are labels given to the variables z/ (z, ^ (X U Y)) 
corresponding to said non- terminal node v,- in the BDD_for_CF, 
and said pair of edges eoiyi) and e\ (v/) points the next transition 
child node(s) when the values of Zi(zi^(X[JY)) are 0 and 1. 
[0124] 

The third construction of the Method for Logic Synthesis 
in accordance with the present invention is characterized in 
that in the second construction, which reduces the width of 
BDD_for_CF represented by said node table stored in said "Means 
to Store Node Table" , by the Method to Reduce the Width of Graph 
according to any one of Claims 8 to 10, and then updates said 
node table stored in said "Means to Store Node Table " , and then 
performs from said "Step to Find Dividing Lines" to said "Step 
to Reconstruct BDD" . 

[0125] 

The fourth construction of the Method for Logic Synthesis 
in accordance with the present invention is characterized by 
that in any of the first to the third constructions, wherein; 
performing the following three steps after performing from said 
"Step to Find Dividing Lines" to said "Step to Reconstruct BDD" ; 

a "Step to Decide Ordering of Output Variables" deciding 
the order k of elements of said multiple-output logic function 
F(X) to minimize the value of T represented in Eq. (23) , where 
7c=(7c[0], 7t [w-1]) ( 7c [/]=^' represents that J} is the i'th element) 
is the order of the logic functions fo(X)y fm-\(X) that are 
elements of said multiple-output logic function F(JO, dind supp{fj) 
is the set of the input variables that influence the logic 
f unc t i on f, F(X)) ; 

an "Step to Decide Ordering of all the Variables" deciding 
the order of the variables yj(^Y) representing the outputs and 
input variables Xi{^X) in the order P that satisfies Eq. (24) ; 
and 

a "Step to Generate BDDs" which generates node data of the 
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BDD_for_CF according to the order P decided in said "Means to 
Decide the Ordering of all the Variables", and then stores in 
said "Means to Generate BDDs". 
[0126] 

The first construction of the program in accordance with 
the present invention is a computer program that implements the 
Method to Reduce the Width of Graph according to any one of the 
first to the third construction. 

[0127] 

The second construction of the program in accordance with 
the present invention is a computer program that implements the 
Method for Logic Synthesis according to any one of the first 
to the fourth construction. 

[0128] 

The construction of the programmable logic circuit in 
accordance with the present invention is a programmable logical 
circuit synthesized by the Method for Logic Synthesis according 
to any one of the first to the fourth construction. 

[Effect of the invention] 

[0129] 

As shown above, according to the "Device for Reducing the 
Width of Graph" or a "Method to Reduce the Width of Graph" in 
accordance with present invention, we can checlc all the 
compatibility of the sub-functions corresponding to the width 
of the BDD_for_CF, and then perform matching- So the width of 
the BDD_for_CF can be effectively reduced. 

According to present invention in accordance with a "Device 
for Logic Synthesis" and a "Method for Logic Synthesis", the 
position of the partition line partitioning the BDD_for_CF can 
be decided to reasonable height so that the size of the sub-graph 
5o doesn't broaden in excess. So it is possible to avoid that 
the column multiplicity of the decomposition chart having 
variable of sub-graph 5o bound variables increases extremely. 
Therefore, the logic circuit synthesis is achieved using 
comparatively lower-capacity memory. And the operation 
process speed of the logic function decomposition process 
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becomes faster. Therefore, we can implement generation of the 
LUT logic circuit, wherein the effective method of logic circuit 
synthesis was not known earlier, using the decomposition of the 
the multiple-output logic function in short time using 
realistic size hardware , 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0130] 

FIG. 1 is one example of the BDD_for__CF. 

FIG. 2 is the explanation drawings of shorting operation. 

FIG. 3 is the structure diagram of logic circuit obtained 
by decomposing a multiple-output logic function into two. 

FIG. 4 is one example of reduction in width by algorithm 
1 to BDD_for_CF of the incompletely specified multiple-output 
function representing the truth table in Table 4. 

FIG. 5 is the structure diagram of BDD_for_CF after the 
deletion by shorting. 

FIG. 6 is the truth table and the BDD_for_CF of ADR2 . 

FIG. 7 is the explanation drawings of the the process that 
transforms the sub-graph including the root node into an LUT, 
when the BDD for characteristic function representing ADR2 are 
partitioned into two. 

FIG. 8 is the explanation drawings of deletion by shorting 
of BDD_for_CF of ADR2 and transformation process into LUT. 

FIG. 9 is the explanation drawings of deletion by shorting 
of BDD_for_CF of ADR2 and transformation process into LUT. 

FIG. 10 is the structure diagram of the "Device for Logic 
Synthesis" and the peripheral equipment according to Embodiment 
1 of the present invention. 

FIG. 11 is the flowchart showing the whole flow of the method 
for logic synthesis according to Embodiment 1. 

FIG. 12 is the flowchart representing the decision process 
of the variable orderings . 

FIG. 13 is the data structure diagram of the node table. 

FIG. 14 is the reduced BDD_for_CF of the multiple-output 
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logic function in Eq. (31) and the node table corresponding 
to the BDD_for_CF- 

FIG. 15 is the BDD_for_CF of the mult iple- output logic 
function y(A^ in Eq. (31) and the node table corresponding to 
the BDD_for_CF. 

FIG. 16 is the flowchart representing the synthesis process 
of the LUT cascade logic circuit . 

FIG. 17 is the experimental results of the synthesis of 
LUT cascades using the logic synthesis method of the present 
invention . 

FIG. 18 is the structure diagram of a "Device for Logic 
Synthesis" and its peripheral device of Embodiment 2 with 
respect to present invention. 

FIG. 19 is the structure diagram of the "Device for Reducing 
the Width of Graph" 20 in Fig. 18. 

FIG. 2 0 is a flowchart representing the whole flow of the 
graph width reduction process of the "Device for Reducing the 
Width of Graph" 20. 

FIG. 21 is a flowchart representing the flow of the node 
covering process of the compatible graph by clique set. 

FIG. 22 is the explanation drawings of the graph width 
reduction process of the BDD_for_CF of the incompletely 
specified function of Example 10. 

FIG. 23 is the explanation drawings of the graph width 
reduction process of the BDD_for_CF of the incompletely 
specified function of Example 10. 

FIG. 24 is the explanation drawings of the graph width 
reduction process of the BDD_for_CF of the incompletely 
specified function of Example 10. 

FIG. 25 is the comparative diagram of synthesis results 
of LUT cascades using the benchmark functions 5-7-11-13 RNS . 

EXPLANATION OF REFERENCES 
[0131] 

1, i' "Device for Logic Synthesis" 
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2 "Means to Store the Logic Specification" 

3 input device 

4 output device 

5 "Means to Decide the Ordering of Output Variables" 

6 "Means to Decide the Ordering of All the Variables" 

7 "Means to Generate HDDs" 

8 "Means to Store Node Table" 

9 "Means to Optimize the Ordering of Variables" 

10 "Means to Find the Dividing Lines" 

11 "Means to Reduce by Shorting" 

12 "Means to Measure the Width of BDDs" 

13 "Means to Compute the InterMediate Variables" 

14 "Means to Generate LUTs" 

15 "Means to Re-construct BDDs" 

16 "Means to Store LUTs" 

2 0 "Device for Reducing the Width of Graph" 

21 "Means to Measure the Height of BDDs" 

22 "Means to Find the Dividing Lines" 

23 "Means to Generate Column Functions" 

24 "Means to Store Column Functions" 

25 "Means to Generate Compatible Edges" 

26 "Means to Store Compatible Graphs" 

27 "Means to Generate Cliques" 
2 8 "Means to Store Clique Data" 

2 9 "Means to Reconstruct Assigned BDD" 



BEST MODE FOR CARRYING OUT THE INVENTION 



[0132] 

Hereinafter, preferred embodiments of the present 
invention will be concretely described with reference to the 
drawings . 

(Embodiment 1) 
[0133] 

Fig. 10 is the structure diagram of the "Device for Logic 
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Synthesis" and its peripheral equipment according to Einbodiment 
1 of the present invention. The "Device for Logic Synthesis" 
1 according to Embodiment 1 synthesizes the LUT logic circuit (s) 
from the logic specification stored in the "Means to Store the 
Logic Specification" 2, and outputs to the output device 4 . The 
logic specification 2 stores the logic specification data of 
the net -lists etc. of objective logic functions by the input 
device 3 . 

[0134] 

In this embodiment, we assume the case where the "Device 
for Logic Synthesis" 1 is used in the CAD device for the logical 
circuit design. The "Device for Logic Synthesis" 1 is supplied 
as a computer program, and the program is stored in a computer 
to implement the function composition of the "Device for Logic 
Synthesis" 1 shown in Fig. 10. 

In Fig. 10, various data input device such as a keyboard, 
a mouce, a CD-ROM drive, etc. The output device 4 denotes 
various output devices such as a display, a printer, a magnetic 
receding device, etc. Moreover, the output device 4 can be a 
program writer that directly write the LUT logic circuit into 
the programmable logic circuit - 

[0135] 

The "Device for Logic Synthesis" 1 includes "Means to Decide 
the Ordering of Output Variables" 5, "Means to Decide the 
Ordering of All the Variables" 6, "Means to Generate BDDs" 7, 
"Means to Store Node Table" 8, "Means to Optimize the Ordering 
of Variables" 9, "Means to Find the Dividing Lines" 10, "Means 
to Reduce by Shorting" 11, "Means to Measure the Width of BDDs" 
12, "Means to Compute the InterMediate Variables" 13, "Means 
to Generate LUTs" 14, "Means to Re-construct BDDs" 15, and 
"Means to Store LUTs" 16. 

[0136] 

The "Means to Decide the Ordering of Output Variables" 5, 
decides the ordering of the output variables 7c=(7c[0], 7t[/w-l]) 
of the multiple-output logic function fiX) . The "Means to Decide 
the Ordering of All the Variables" 6, decides the ordering P 
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of the input variables Xi(^X) as well as the output variables 
yj{^Y). The "Means to Generate BDDs" 1 , generates the node table 
of the BDD_for_CF, according to the order P decided by "Means 
to Decide the Ordering of All the Variables" 6. The generated 
node table is stored in "Means to Store Node Table" 8. The 
"Means to Optimize the Ordering of Variables" 9, further 
optimizes the variable ordering of the node table stored in 
"Means to Store Node Table" 8. 
[0137] 

The "Means to Find the Dividing Lines" 10, decide the height 
lev of the partition line that partition the BDD_for_CF, for 
the node data of the BDD_for_CF, stored in "Means to Store Node 
Table" 8. 

The "Means to Reduce by Shorting" 11, reduces the sub-graph 
that is the upper part of the partition line with the height 
lev, for the BDD_for_CF stored in "Means to Store Node Table" 
8 . 

The "Means to Measure the Width of BDDs" 12, calculates 
the width W at the partition line in the BDD_for_CF that are 
reduced by the deletion by shorting process. 

The "Means to Compute the InterMediate Variables" 13, 
counts u, the number of intermediate variables, according to 
the width W produced by "Means to Measure the Width of BDDs" 
12 . 

The means to generate an LUT 14, first generates the LUT 
for the sub-graph Bq that contains the root node, when the BDD 
is partitioned into two sub-graphs Bq and B\ by the partition 
line, and then store them to means to store the LUT 16. 

The means to reconstruct BDDs 15, first reconstruct the 
BDD__for__CF by replacing the sub-graph Bq with the binary tree 
that has the same number of the control inputs as that of the 
intermediate variables u, and then updates "Means to Store Node 
Table" 8. 

[0138] 

With respect to the "Device for Logic Synthesis" 1 realized 
as above in present Embodiment, we will explain the operation 
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as follows: 
[0139] 

Fig. 11 is the flowchart showing the whole flow of the method 
for logic synthesis according to Embodiment 1 , In the global 
flow of the process, first "Means to Decide the Ordering of 
Output Variables" 5 and "Means to Decide the Ordering of All 
the Variables" 6, read out the logic specification stored in 
"Means to Store the Logic Specification" 2 store - 

Then, they decide the initial position of each variable, 
by extracting the input variables X and the output variables 
Y (81) . 

Next, "Means to Generate BDDs" 7, first reads out the logic 
specification data from "Means to Store the Logic 
Specification" 2, and then generates the node table 
representing the BDD_for_CF, according to the initial order of 
the variable decided in the above. 

The generated node table is stored in "Means to Store Node 
Table" 8 (S2) . 

Next, "Means to Optimize the Ordering of Variables" 9, 
further optimize the ordering of the variables to reduce the 
sum of widths of BDD_for_CF, in the node table stored in "Means 
to Store Node Table" 8 (S3) . 

In this case, the exchange of the variables is done under 
the condition when the input variable A:/(^5rt(p/705)) that influences 
the output variable yj is always in the higher position than 
the output variables yj, in the ordered set Y=(yoO^\^"'^m-\) of the 
output variables >'X/=0,l,-",m-l). 

Finally, the logic synthesis of the LUT circuit is done 
by using the node table of the BDD_for_CF stored in "Means to 
Store Node Table" 8. (S4). 

In the following, we will describe the detail of each 
process of the above-mentioned stage. 

[0140] 

(1) Decision of initial variables orders of X and Y 

Fig. 12 is the flowchart representing the decision process 
of the variable orderings . 
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First, "Means to Decide the Ordering of Output Variables" 
5, initializes the internal variables ij, and renew \lo 0 (SIO) , 

/ and j are variables representing the indices of the 
variables permutated, and renew is a flag that shows the 
permeation of the ordering is done. 

Also, "Means to Decide the Ordering of Output Variables" 
5, initializes the order n q={ n o[0], n o[l], , o['w-1]) that 
represent the ordering of m variables in Y to (0,l,"-,w-l), (S2) . 

The order tcq is an array representing the ordering of the 
output variables Y. 

The cording of the output variables is decided as shown 

in Eq. (2 5) by the order tcq. 

[0141] 
[Equation 25] 

y = (2/-o(Oj,2/xo(l], • • - ,Jf:ro[m-1]) (25) 

[0142] 

Next, "Means to Decide the Ordering of Output Variables" 
5, computes the figure-of -merit function of the ordering of 
the output variables with respect to the order tcq by doing the 
operation of Eq. (26) , and stores the result into the variable 
Tmin (S12) . 

In this case, the figure-of -merit function of the ordering 
of the output variables is shown in the right-hand side of the 
Eq. (26) . 

Note that the figure-of -merit function of the ordering of 
the output variables n q at Y taJces its minimum when the 
variables are positioned in the increasing order of the number 
of dependent variables. 

Thus, the minimization of the figure-of -merit function of 
the ordering of the output variables will optimize the order 
of the output variables Y. 

Note that suppij]) represents the set of the input variables 
that influences 
the logic function Jji^A^)* 
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For example, if Jj=/}(xi^2yX5yX\o) , then \supp{/j)\=4 . 

Note that \supp(J])\ represents the number of variables in 
supp(J]) {Sbb [ Definition 4]). 

[0143] 
[Equation 26] 



m-l 



A 

Usupp(/xo[q) 

(=0 



(26) 



[0144] 

Next, "Means to Decide the Ordering of Output Variables" 
5, checks whether ii^j or not (S13) . 

If i=j , then go to Step S19. This is because we have to 
eliminate the case, since no permutation is done for the case 
of i=j. 

[0145] 

In Step S13, if i i'J , then first initialize the order k\ 
after the variable permutation to order tc o (S14), and then 
exchange the element n with element n in the order tc i 
(S15) . 

And, by doing the operation in Eq. (27) , "Means to Decide, 
the Ordering of Output Variables" 5, computes the 
figure-of -merit function T of the ordering of the output 
variables with respect to the order tc i (816). 

[0146] 
[Equation 2 7] 



7- = E U«"pp(/-.w) 

A=0 U:=:0 



(27) 



[0147] 

In this case, if the figure-of -merit function T of the 
ordering of the output variables after the permutation is 
smaller than the figure-of -merit function Tmin of the ordering 
of the output variables before the permutation (S17) , "Means 
to Decide the Ordering of Output Variables" 5, updates the order 
to TC 1 , and set r„„„ to T, since the order tc i is the better than 
Tco as the order of the output variables. And, set the flag renew 
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to 1 to show the order kq has been updated. (S18) - 
[0148] 

Next, if 7</7i-l (S19) , then increment y by 1 (S20) , and return 
to Step S13, and iterate the optimization process of the 
above-mentioned ordering of the output variables. 

[0149] 

In Step SIB, if y=/w-l then initialize y to 0, since the 
evaluations for all the permutations where the position of the 
i-th output variable is fixed (S21) . 

[0150] 

Next, if i<m-l (322), then increment i by one (S23) to do 
the evaluations for the permutations where the position of the 
next output is fixed, and return to Step S13 . 

[0151] 

In Step S22, when j=m-l , all the evaluations for the 
permutations where the position of the i-th output variable is 
fixed . 

Note that only mX (m-l) permutations are evaluated in this 
step out of ml permutations, the total numbers of permutations. 

Thus, to decide whether do evaluate or not for the rest 
of the cases, we check whether the order tzq has been updated 
or not in the above-mentioned m^{m-l) different evaluations. 

That is, to checlc whether the variable renew is 1 or not 
(S24) . If renew=l, then initialize / to 0, and renew to 0 (S25) , 
and return to Step S13 . Note that in Step S24, if renew=0 then 
terminate . 

[0152] 

As shown above, the order tcq of the output variables Y, 
is optimized so that the figure-of -merit function for the 
ordering of the output variables Tmin is minimized. 

The "Means to Decide the Ordering of Output Variables" 5, 
permutes the order of the output variables 7 to tzq, and send 
to the next step. 

[0153] 

Note that in the above-mentioned process, since the 
evaluations for the permutations of ordering are not necessary 
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done in ml times, the figure-of -merit function for the ordering 
of the output variable ordering is not necessary to minimized 
to its exact minimum Tmin- 

The reason why not to perform all the evaluations for all 
ml permutations it to shorten .the computation time. 

However, the above-mentioned algorithm for the permutation 
of variables is just an example. When the computation is 
sufficiently fast, or when the number of the output variables 
and the input variables is relatively small, we can optimize 
the ordering by evaluating all ml different permutations by the 
exhaustive method, so that the figure-of -merit function of the 
ordering for the output variables is minimized to Tmin- 

[0154] 

After the ordering of the output variables is decided, 
"Means to Decide the Ordering of All the Variables" 6, decide 
the position of the input variables X and output variables Y 
according the order P in Eq. (28) . 

[0155] 
[Equation 28] 

P ^ ^SUpp(/^[0)), y;r(0], SUpp(/^[i]) - SUpp{/;r[Ol), S^PP(/^2]) - SUpp(/^[*])^ , y^pj, 

■ • ' >SUpp(/r(^-i]) - SUpp(/;r(A])^ ,3/?r[m-ll^ 

(28) 

Where, the ordering of the input variables A" can be decided 
arbitrarily, as long as the conditions of Eq, (28) are satisf ied. 

Thus, here, for the output variables 

[0156] 
[Equation 29] 



y.U] 0=0,1, ..,m^l) (29) 

and the set of the input variable that precede the output 
variables 

[0157] 
[Equation 30] 
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{xb\p\, xe^i], ' • • , Xe\p+^-x]) = supp(/^j,)) - supp(/-r,>)) j (30) 

the elements are ordered so that the indices i of x,- are 
increasing . 

In Eq,(30), (0 [1], 0 [2], 0 [pi d [p+l],"', 0 [p+^-l], 0 
[n]) denotes the order of the input variables X, and 0 [k]=i 
denotes that jc,- is in the ^-th position of the input variables. 

[0158] 

(2) Construction of the node table of the BDD_for_CF 

After the initial order P of the variables X and Y are 
decided, means to generate BDD 7 generates the node table of 
the BDD_for_CF, according to the logic specification stored 
in "Means to Store the Logic Specification" 2 from the initial 
order P. This node table is stored in "Means to Store Node 
Table" 8. 

As for the algorithm to generate the BDD_for_CF from the 
logic specification, various algorithm are known. So, we omit 
the explanation - 

[0159] 

Fig. 13 represents the data structure of the node table. 
The node data corresponding to a node consists of triple of 
data (label of the variable, the address for the 0-edge child, 
the address for the 1-edge child) . The label of the variable 
stores the code that specifies the input variable or the output 
variable corresponding to the node. Usually, for the sake of 
computation process, binary codes are used to represent m+n 
variables JCi,"-^„^yo,"**y/ii-i • However, for the sake explanation, we 
use the symbols for the variables x\, "\x„,yo, "\yni-\' The 0-edge 
is the edge representing the transition of the nodes when the 
value for the corresponding variable to the node is 0, and the 
1-edge is the edge representing the transition of the nodes when 
the value for the corresponding variable to the node is 1. The 
child node for the 0 edge (1 edge) is the node that arrives after 
the transition through the 0 edge (1 edge) . The address of the 
node is the logic address of the memory device that stores the 
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node data, in "Means to Store Node Table" 8. 
[0160] 

Therefore, when a value of the corresponding variable is 
given for a node, we can reference the node after the transition 
according to the values of the variables. And, we can traverse 
the path of the BDD_for_CF by referencing the addresses of the 
child nodes, either the address of the child node of the 0 edge 
or the address of the child node of the 1 edge, according to 
the values of variables. 

[0161] 
[Example 8] 

For the multiple-output logic function represented by 
Eq. (31) with the input variable ^=(xi^2^3)/ the variable ordering 
P is obtained as P=(xirK20^0yX3,y\) by using above-mentioned 
algorithm. 

[0162] 
[Equation 31] 

Fix) = (MX), MX)) ^gjj 

[0163] 

Here the BDD_for_CF of the multiple-output logic function 
J{X) in Eq. (31) , is represented by Fig. 14(b) . 

Thus, the node table corresponding to the BDD_for_CF in 
Fig. 14 (b) is shown Fig. 14 (a). 

Here, -the terminal node that corresponds to the value 0 
of the characteristic function has address 0, and the terminal 
node that corresponds to the value 1 of the characteristic 
function has address 1. 

[End of Example ] 

[0164] 

(3) Optimization of order of the variables and Y 

Next, when the node table representing the BDD_for_CF, 
where the variables X and Y are ordered by the initial order, 
is stored in "Means to Store Node Table" 8, "Means to Optimize 
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the Ordering of Variables" 9, optimizes the order of the 
variables X and Y , by changing the orders of variables X and 
y. In this case, the permutations of the variable X are done 
under the condition of (32) , that is "the input variable Xi in 
the set supp{f]) is in the upper position than the variable yj. " 

[0165] 
[Equation 32] 

Xi X Vi (Vxt e supp(/j)) (32) 

(where, 2y denote that the height of v'ariable Zp is higher than 

the height of variable Zq {Zp is high-order than 3^). ) 

[0166] 
[Example 9] 

Suppose that for the logic specification represented by 
the multiple-output logic function F{X) in Eq. (31) , the node 
table of the BDD_f or_CF with the variable ordering P={x\^2,yoyXz,y\) 
mentioned above, is generated as Fig. 14, and stored in "Means 
to Store Node Table" 8- The "Means to Optimize the Ordering 
of Variables" 9, permutes the variable ordering P in the node 
table, under the above-mentioned condition. And, it 
reconstructs the BDD_f or_CF, with the variable ordering F after 
the permutation, and then, only when the total sum of the widths 
of the BDD_for_CF, the content of "Means to Store Node Table" 
8 is reduced, it updates with the node table of the variable 
ordering F . 

[0167] 

For example, when "Means to Optimize the Ordering of 
Variables" 9, permutes the above-mentioned variable ordering 
P to the order F = {x\,X2,x:^^yQ^y\) , the BDD_for_CF is represented 
as Fig. 15 (b) . 

And the corresponding node table to this BDD_f or_CF is given 
as Fig. 15(b) . The sizes for the node tables in Fig .15 (a) and 
Fig. 14 (a) are the same. Thus, in this case, "Means to Store 
Node Table" 8 is not updated. 

[0168] 

The ordering of the variables are optimized by 
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reconstruction of the node table using the exhaustive (or trial 
with an appropriate conditions) method. 

Note that in the case of the multiple-output logic function 
of Eq. (31) , since the BDD_for_CF shown in Fig. 14 is the minimum, 
the node table in "Means to Store Node Table" 8 is not update. 

[End of Example ] 

[0169] 

(4)The synthesis of an LUT cascade 

After the node table of the optimized BDD_for_CF is stored 
into "Means to Store Node Table" 8, as shown before, then the 
synthesis of the LUT cascade will be done. 

Thus, we will explain the synthesis process of the LUT 
cascade logic circuit. 

[0170] 

Fig. 16 is the flowchart representing the synthesis process 
of the LUT cascade logic circuit. 

The "Device for Logic Synthesis" 1 set the internal variable 
i representing the height of the partition line to n+m+l , (where 
/-I denotes the height of the partition line, n denotes the number 
of the input variables inX, i.e., (n=\X\), and m denotes the number 
of the output variables in y, i.e., (m=\Y\).), 

Also, it initializes the set H of the intermediate 
variables to the null set <p. Also, it initializes the set Za 
of the variables that are above the partitioned line to the null 
set cp. 

Also, it initializes the BDD_for_CF Bcf^"^"^ to the 
BDD_for_CF Bcfif), for the function to be decomposed, and it 
initializes the set of variables that are contained ±n Bcf"*'^'^'^^ > 
to the set Z{=XUY) (S30) . 
[0171] 

Next, "Means to Find the Dividing Lines" 10, decrement the 
variable / by one (S31) . That is, to reduce the height of the 
partition by one. 

And let the set Ztemp be Z«U {z/} (S3 2) . 

Where, {z,} represents the set z/ of variables that are in 
the height i. In other words, since we lowered the partition 
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line by one, append the set {z/} to the set Ztemp representing 
the variables that are in the above the partition line. 
[0172] 

Next, "Means to Find the Dividing Lines" 10 checks whether 
the functional decomposition is possible or not (S33) . 

The functional decomposability is decided by comparing the 
column multiplicity n when the BDD is partitioned by the 
partition line, and the number of elements in the set Ztemp, with 
the maximum value k of number of the inputs of the LUTs. 

That is, the condition for the functional decomposability 
is represented by Eq. (33) . 

Thus, the functional decomposability is decided with the 
condition Eq. (33) is satisfied or not. 

[0173] 
[Equation 33] 

riog2/^l <k \Ztemp\ ^ * (33) 

[0174] 

In the above-mentioned Step S34, if the functional 
decomposition is possible, then it checlc whether the variable 
/ is 1 or not (S35) . If /=1, then "Means to Generate LUTs" 14, 
generate the LUT for the f unction y(Z/emp)/ and store it to "Means 
to Store LUTs" 16, and finally terminate (S36) , since further 
functional decomposition is impossible. 

In Step S35, when the height / of the partition line is 
greater than 1, "Means to Find the Dividing Lines" 10, update 
the set Za to the set Z/gmp(S37), and returns to Step S31. 

[0175] 

On the other hand, in Step S34, if the functional 
decomposition is impossible, "Means to Find the Dividing Lines" 
10 checks whether the size of Zq satisfies the condition |Zfl|=|//| 
(S38) . If |Zfl|=|//], then there exists no possibility for the 
functional decomposition by lowering the partition line. 

Thus, in such a case, "Means to Find the Dividing Lines" 
10, terminate the process after producing the message reporting 
to the output device 4 that the LUT logic circuit cannot be 
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realized (S39) . 
[0176] 

In Step S38, if |Zfl|>|i^, "Means to Reduce by Shorting" 11, 
assign ZfZa to the set of variables that are on the partition 
line or lower than the partitioned line (S40) . 

Next, "Means to Reduce by Shorting" 11, performs the 
deletion by shorting to the sub-graph that are in the upper 
position than the partition line. 

Next, "Means to Measure the Width of BDDs" 12, measures 
the width /i « on the partition line, with respect to the 
BDD_for_CF after the deletion by shorting. 

Next, "Means to Compute the InterMediate Variables" 13, 
computes the number of rails Ua by using Eq. (34) .(S41) . 

[0177] 
[Equation 34] 

^^a RogaMal (34) 

[0178] 

Next, "Means to Generate LUTs" 14, generates the LUT for 
the function h{Z^ 

that are obtained by the functional decomposition y(Z)=g(A(Zfl),Z^,) , 
when the partition of the variables is (Za,Zb), and store them 
to the "Means to Store LUTs" 16 (S42) . 

That is, with respect to the BDD_for_CF that the 
above-mentioned deletion by shorting process S41 has not been 
done yet, let Ba be the sub-graph that are related to variables 
Za, and let Bi, be the sub-graph that are related to variables 

Also, in the BDD_for_CF that are modified by the deletion 
by shorting in Step S41, let Ba be the sub-graph that are related 
to the variables Xai^ Za), and let Bi, be the sub-graph that are 
related to the variables Z/,. 

The "Means to Generate LUTs" 14, generates the LUT, where 
the inputs are the input variables Xi{^Za) that belong to the 
set Za, and the output variables are yj(^Za) that belongs to the 
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set Za, from the sub -graph 5^. 

Next "Means to Generate LUTs" 14, assigns the code {hw 'Mu^ 
of Ua bits to each node in the sub-graph Bb, that is directly- 
connected to the node in the sub-graph Ba , in the BDD_for_CF 
where the deletion by shorting was performed in Step S41. 

From the code [}iw "jfiu^, we have the intermediate variables. 

And it generates the LUT, where the inputs are variables 
Xai^^Z^ that belongs to set Za, and the outputs are intermediate 
variable (Ai, " yhua), from the sub -graph ^a*. And, it stores these 
LUT to "Means to Store LUTs" 16. 
[0179] 

Next, the means to reconstruct BDDs 15 generates the 
BDD_for_CF (844) representing the function g(h,Zt), when the 
function is decomposed as f{Z)-g{h{Za)^Zb) with the partition of 
the variables {Za^Zb). 

That is, means to reconstruct BDDs 15, in Step S41, in the 
BDD_for_CF after performing the deletion by shorting, replaces 
the sub-graph concerning to Xai,^ Za) by the binary tree where 
the control inputs are the intermediate variable (h\y"',hua) - 

[0180] 

Next, update the set H of the intermediate variables with 
Ua intermediate variables (Ai, '"^hu^. And, let the set Z/ be Z'b 
U H, the union of the set Zb and the set H (S44) . 

[0181] 

Next, checlc whether |Z/| is equal to or less than k (S45) . 
If |Z/| ^ k, generate the LUT for the function g, and store it 
to "Means to Store LUTs" 16 (S46) , and terminate the process. 

[0182] 

In Step 844, if \Zt\>k, then the first, let the height of the 
partition line be |Z^|+1 , and let Bcf^''^''^ be Bcfig), and let the set 
Zt be ZbU //, the union of the set Zb and the set H (847) , and 
the second, let the set Za be set H, and the function /be function 
g (S48) , and return to Step S31. 

[0183] 

With the above process, the function is decomposed, and 
the LUT cascade is realized. 
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[0184] 

As shown above, using the "Device for Logic Synthesis" 1 
in this this embodiment, by using relatively small amount of 
memory, we can realize the synthesis of LUT circuits. Also, 
the operation of the decomposition process of the logic function 
can be made to faster. 
[0185] 

Also, we can generate the LUT logic circuits with 
intermediate outputs for the multiple-output logic function 
with realistic hardware in a short time, where no efficient 
design method were Icnown before. 
[0186] 

(5) Experimental Results 

Finally, Fig. 17 shows synthesis results of LUT cascades 
using several benchmark functions to show the effect of present 
invention. They are implemented by the algorithm in the 
above-mentioned Embodiment 11, written in C programming 
language, and applied to the MCNC89 benchmarJc functions. 
Fig. 17 shows the results for the case when the number of inputs 
of the cell is set to k=lO. 

[0187] 

In Fig. 17, 'Name' denotes the function name, 'In' denotes 
the number of inputs, 'Out ' denotes the number of outputs, 'LUT' 
denotes the total number of LUTs generated, ' Cas ' denotes the 
number of cascades, number of levels' denotes the number of 
levels in the cascade. The environment of the implementations 
are an IBM PC/AT compatible machine, Pentium 4 (trademark) 
2.0GHz, with 512 Mega bytes of memory, the OS is Windows 2000 
(trademark) , compiled by using gcc incygwin. In this algorithm, 
to do the grouping of the outputs, one output is added to a group, 
and its BDD_for_CF is constructed, and then the ordering of the 
input variables is optimized. With the increase of k, the size 
of the BDD_for_CF corresponding to the LUT cascade also 
increases. In this algorithm, we optimize the ordering of the 
input variables for a HDD by increasing the number of outputs 
in a group while the function is realizable by an LUT cascade. 
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This increase the number of ordering optimization of a large 
BDD_for_CF. Thus, when the value of k is large, great amount 
of implementation time is necessary. Note that the most of the 
implementation time is spent for the optimization of variables 
ordering of a BDD_for_CF. 
[0188] 

To confirm the effect of present invention, we compared 
our method with the method shown in the non-patent literature 
15- The method of the non-patent literature 15 is based on the 
MTBDD. It partitions the outputs of the multiple-output logic 
function into several groups, and then represents the functions 
by MTBDDs, and realize them by LUT cascades. When the 
decomposition is impossible due to the excessive width of the 
MTBDD, the cascade is partitioned into several by using the OR 
partition. In Fig. 17, the method in the non-patent literature 
15, the outputs are partitioned, where the number of outputs 
in each group is 8. 

[0189] 

The method in the non-patent literature 15, fixes the number 
of outputs in each group in partition, without considering the 
number of LUTs or the number of levels in the realized LUT cascade, 
so the number of cascades tends to be large and the number of 
levels tends to to be small. 

On the other hands, the method in present invention, in 
the LUT cascade, try to increase the number of outputs in a group 
as much as possible, the number of levels tends to be large, 
and the number of cascades tends to be small. 

(Embodiment 2) 

[0190] 

Fig. 18 shows the structure of a "Device for Logic 
Synthesis" and its peripheral device of Embodiment 2 with 
respect to present invention. In Fig. 18, "Means to Store the 
Logic Specification" 2, input device 3, output device 4, "Means 
to Decide the Ordering of Output Variables" 5, "Means to Decide 
the Ordering of All the Variables" 6, "Means to Generate BDDs" 
7, "Means to Store Node Table" 8, "Means to Optimize the Ordering 
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of Variables" 9, "Means to Find the Dividing Lines" 10, "Means 
to Reduce by Shorting" 11, "Means to Measure the Width of BDDs" 
12, "Means to Compute the InterMediate Variables" 13, "Means 
to Generate LUTs" 14, means to reconstruct BDDs 15, and "Means 
to Store LUTs" 16 are similar to those in Embodiment 1. The 
feature of a "Device for Logic Synthesis" 1' in this embodiment 
is that it has a "Device for Reducing the Width of Graph" 20. 
[0191] 

In this embodiment, it is assumed that the "Device for Logic 
Synthesis" 1 • is used in the CAD device for logic circuit design 
like in Embodiment 1. The "Device for Logic Synthesis" 1' is 
provided as a program and function realization of the "Device 
for Logic Synthesis" 1' shown in Fig. 18 is achieved by loading 
the program into the computer and implementing the program. 

[0192] 

The "Device for Reducing the Width of Graph" 2 0 reduces 
the width of BDD_for_CF in the case that the characteristic 
function represented by the node table stored in "Means to Store 
Node Table" 8 is an incompletely specified function. 

[0193] 

Fig. 19 shows the structure of the "Device for Reducing 
the Width of Graph" 20 in Fig. 18. The "Device for Reducing 
the Width of Graph" 2 0 comprises "Means to Measure the Height 
of BDDs" 21, "Means to Find the Dividing Lines" 22, "Means to 
Generate Column Functions" 23, "Means to Store Column 
Functions" 24, "Means to Generate Compatible Edges" 25, "Means 
to Store Compatible Graphs" 26, "Means to Generate Cliques" 27, 
"Means to Store Clique Data" 28, and "Means to Reconstruct 
Assigned BDD" 29. 

[0194] 

The "Means to Measure the Height of BDDs" 21 measures the 
height t of the root nodes in the BDD_f or_CF represented by the 
node table stored in "Means to Store Node Table" 8. The "Means 
to Find the Dividing Lines" 22 set the height lev of the partition 
sequentially from height of t-l towards 1. 

[0195] 
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The "Means to Generate Column Functions" 23 generates 
column functions corresponding to the respective edge of the 
height lev of the partition from the node table stored in "Means 
to Store Node Table" 8, generates function node data having 
column function labels corresponding to the respective column 
functions, and store them in "Means to Store Compatible Graphs" 
2 6 . The "Means to Store Column Functions" 24 temporarily stores 
column functions generated by "Means to Generate Column 
Functions" 23. 

[0196] 

The "Means to Generate Compatible Edges" 25 selects the 
pair of the compatible column functions from the set of the 
column functions corresponding to the function node data stored 
in "Means to Store Compatible Graphs" 26, adds compatible edges 
which connect function nodes with function node data 
corresponding to the compatible column function, and updates 
function data stored in "Means to Store Compatible Graphs" 26.. 

[0197] 

"The means to generate cliques 27" covers all the nodes 
of the compatible graph stored in the means to store compatible 
graphs 26 with complete subgraphs (cliques) , generates clique 
data which is the set of function nodes and stores in the means 
to store clique data 28. 

[0198] 

The "Means to Reconstruct Assigned BDD" 2 9 assigns 
constants to the don't care(s) of the column functions 
corresponding to the function nodes contained in the clique data 
stored in "Means to Store Clique Data" 28 to generate 
identically assigned column functions, reconstructs the 
BDD_for_CF by constants to changing the column function of the 
function nodes contained in the clique data by assigning column 
functions, and updates the node table of "Means to Store Node 
Table" 8. The "Means to Reconstruct Assigned BDD" 29 may 
synthesize column functions from the node table in "Means to 
Store Node Table" 8, or may refer column function temporarily 
stored in "Means to Store Column Functions" 24 when referring 
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column functions corresponding to the function nodes. 
[0199] 

As for the "Device for Logic Synthesis" 1 of this embodiment 
shown above, we will explain the operation process. 
[0200] 

First, the node table of the BDD_for_CF of an incompletelyj 
specified function is stored in means to store node data 8 in 
the process of Steps Sl^S3 in Fig. 11. Next, the width reduction 
process of the BDD_for_CF is implemented by the "Device for 
Reducing the Width of Graph" 20. And finally, the synthesis 
of the LUT logic circuit of Step S4 in Fig. 11 is implemented. 
Here, as for the "Device for Logic Synthesis" 1* of this 
embodiment, the operation process other than the width 
reduction process of BDD_for_CF by the "Device for Reducing the 
Width of Graph" 2 0 is similar to that of Embodiment 1 . Therefore, 
we will explain only the operation process of the "Device for 
Reducing the Width of Graph" 20. 

[0201] 

Fig. 2 0 is a flowchart representing the whole flow of the 
graph width reduction process of the "Device for Reducing the 
Width df Graph" 20 . First, "Means to Measure the Height of HDDs" 
21 searches the node table stored in "Means to Store Node Table"' 
8 to decide the height t of the root nodes of the BDD_for_CF. 
After the height t of the root nodes is decided, "Means to Find 
the Dividing Lines" 22 sets the height lev of the partition to 
M (S50) . 

[0202] 

Next, "Means to Generate Column Functions" 23 generates 
the set for all the column functions at the height lev of the 
partition (S51) . Nodes labels of the function nodes are given 
to the column functions generated and stored in "Means to Store 
Compatible Graphs" 2 6 as the function node data. When the 
BDD_for_CF is small, the column functions generated by "Means 
to Generate Column Functions" 23 may be stored in "Means to Store 
Column Functions" 24 in order to increase computation speed. 

[0203] 
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Next, "Means to Generate Compatible Edges" 25 selects the 
pair of compatible column functions from respective column 
functions generated by "Means to Generate Column Functions" 23, 
and adds the compatible edge connecting these function nodes 
together to function node data corresponding to these 
compatible column functions stored in "Means to Store 
Compatible Graphs" 26. The function node data to which the 
compatible edge is added is stored in "Means to Store Compatible 
Graphs" 2 6 and function node data is updated (S52) . This 
process will be implemented to all the column functions 
generated by "Means to Generate Column Functions" 23 for all 
combinations of pairs of two column functions. The table of 
function node data representing compatible graph is generated 
in "Means to Store Compatible Graphs" 26. 

[0204] 

Next, "Means to Generate Cliques" 27 implements node 
covering process by a clique set for the compatible graph 
represented by the table of the function node data stored in 
"Means to Store Compatible Graphs" 26 (S53) . The details of 
this process will be explained later. Node covering with 
complete subgraphs (cliques) is implemented for all the nodes 
of the compatible graphs, and. clique data is generated. The 
clique data generated is stored in "Means to Store Clique Data" 
28. 

[0205] 

Note that "a complete subgraph (clique) " is a sub-graph 
of a compatible graph, where each node of the sub-graph is 
connected to all other nodes in the sub-graph by edges. The 
"clique data" denotes the data for the set of function nodes 
contained in the clique. 

[0206] 

Next, "Means to Reconstruct Assigned BDD" 29 generates 
column functions corresponding to function nodes contained in 
the clique data, for a clique data stored in "Means to Store 
Clique Data" 28, based on node table stored in "Means to Store 
Node Table" 8, and store the column functions temporarily in 
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"Means to Store Column Functions" 24. Then, "Means to 
Reconstruct Assigned BDD" 29 assigns constants to the don't 
care(s) for the column functions corresponding to all the 
function nodes which belong to the clique data and generate 
identical assignment column function. And then, "Means to 
Reconstruct Assigned BDD" 2 9 rewrites node table in "Means to 
Store Node Table" 8 so that the column functions corresponding 
to all the function nodes which belong to the clique data becomes 
the BDD_for_CF changed by the assignment column function 
generated. We reconstruct the BDD_for_CF by implementing this 
rewrite process of the node table using assigned column 
functions to all the clique data (S54) . 
[0207] 

Next, "Means to Find the Dividing Lines" 2 2 decrement the 
height lev by one (855) . If the height lev is greater than or 
equal to one (856) , return to Step S51 . In case the height lev 
is 0, graph width reduction process is terminated. 
[0208] 

The above mentioned Algorithm 3 is implemented by such graph 
width reduction process, and an effective reduction of width 
of BDD_for_CF is implemented. 

[0209] 

Next, node covering process of compatible graph by clique 
set in the above-mentioned Step 853 will be explained. Fig. 
21 is a flowchart representing the flow of the node covering 
process of the compatible graph by clique set. 

[0210] 

Means to generate cliques 27 comprises variable C (set C) 
representing the list of clique data, variable Sa (node set Sa) 
representing the list of function nodes for which clique cover 
is not implemented, variable Si (node set Si) representing the 
list of function nodes contained in one clique, and the variable 
Sb (node set Sb) representing the list of candidate for function 
nodes to be added to the clique variable. 

[0211] 

First, "Means to Generate Cliques" 27 initializes set C 
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of clique data to the null set (S60) . After initialization 
adding all function nodes of the compatible graph to node set 
Sa, function nodes which do not have edges are deleted from node 
set Sa and these function nodes are added to the element of set 
C as the clique set of element 1 (S61) . 
[0212] 

Next, "Means to Generate Cliques" 2 7 decides whether node 
set Sa is a null set or not (S62) . 
[0213] 

When the node set Sa is not a null set, "Means to Generate 
Cliques" 27 searches function nodes that has the minimum number 
of the edges and let this be the "function node v/" (S63) . Next, 
"Means to Generate Cliques" 27 initializes node set Si to {v/} 
(S64) , searches function nodes connecting to the function nodes 
V/ in the node set Sa and we call this "node set iS^" (S65) . 
[0214] 

Next, "Means to Generate Cliques" 27 decides whether node 
set Sb is a null set or not (S66) . If the node set Sb is not 
a null set, the function nodes with the minimum number of edges 
is searched among the function nodes which belong to node set 
Sb, and we call this "function nodes y," . Then, {vj} is added 
to node set Si and function nodes vj is deleted from node set' 
Sb {367) . And then, among the function nodes which belong to 
node set Sb, the function nodes which do not connect to function 
nodes Vj are deleted from the node set Sb (S68) , and return to 
Step S66. 

[0215] 

In Step S66, node set 5/ is added to the element of the set 
C as a clique and node set Si is deleted from the uncovered node 
set Sa when the node set Sb is a null set (S69) , and return to 
Step S62 . 

[0216] 

In Step S62, the set C is stored in "Means to Store Clique 
Data" 28 as clique data when the uncovered node set Sa becomes 
a null set, and the node covering process of compatible graph 
by clique set is terminated. 
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[0217] 

With the above process, all the function nodes in the 
compatible graph are covered by cliques, and the clique data 
are generated. 

[0218] 
[Example 10] 

For 4 -input 2 -output incompletely specified function where 
the truth value is represented by Table 4 of Example 6, the width 
of the BDD_for_CF is reduced. The BDD_for_CF of 4 -input 
2 -output incompletely specified function represented by Table 

4 is shown in Fig. 4(a) . The height t of the BDD_for_CF is 6. 
Reduction process of the width of BDD_for_CF is implemented by 
the "Device for Reducing the Width of Graph" 2 0 of this 
embodiment . 

[0219] 

First, the height lev of the partition is set to ^l=5, that 
is, the height of variable jc2- In case lev=5 , the decomposition 
chart is shown as Table 5. As the column functions in Table 

5 are incompatible, the constant is not assigned to the don't 
care (s) . 

[0220] 
[Table 5] 



X2 = {X2^X3^X4} 
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[0221] 
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Next, the height of the partition is set to /ev=4 (see Fig. 
22 (a) ) . In case lev=A, the decomposition chart is shown as Table 
6. 

[0222] 
[Table 6] 

^1 = {Xi} 
00 01 10 11 
H I I 01 I Id 

d\ dd 01 Id 
00 10 10 dO 
GO 11 10 dl 

0*2 <l>*3 0*4 

[0223] 

From Table 6, we have four column functions : <I> i~ «I> 4. 
Since the column function <1> 2 and the column function O 4 are 
compatible, the compatible graph can be represented as Fig. 
22(b) . For the compatible graph in Fig. 22(b) , by performing 
the node covering by cliques, we can generate three cliques iSi, 
52, and 53 shown by dotted lines in Fig. 22(b) . Then, by assigning 
constants to two column functions O 2 and O 4 contained in the 
clique S^, we have Table 7. From the column functions, we can 
generate the BDD_for_CF shown in Fig. 23(a). Note that the 
nodes 2 and 4 in the graph of Fig. 22(a) are replaced by the 
node 11 in Fig. 23(a) . 

[0224] 
[Table 7] 



X2 = {X2yX3,X^} 



00 

01 
10 

11 
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^1 = {xi} 

00 01 10 11 

~di I Id I 01 I Id 

dl Id 01 Id 

00 10 10 10 

00 11 10 11 

(D^^2 <^^3 0^4 

[0225] 

Next, the height of the partition is set to lev=3 (i.e. , the 
height of the variable y\) (See Fig. 23 (a) ) . From Fig. 23 (a) , 
we have six column functions <E> i~ O 6/ corresponding edges 
that traverse the height lev=3 of the partition. In Fig. 23 (a) , 
each edge has a number that corresponds to the subscript of the 
corresponding column function 4> i~ O 6- The column functions 
0 1 and O 5 are compatible, and the column functions 0 3, O 
4, and O 6 are compatible each other. Thus, we have the the 
compatible graph in Fig. 23(b) . In the compatible graph Fig. 
23 (b) , a node covering by cliques produces, for example, four 
cliques S\, 82,83, and ^4, that are shown in dotted lines in Fig. 
23(b) . Thus, in clique S\, for two column functions O 1, O 5, 
we assign constants, and in clique ^2, for two column functions 
3, ^ 4/ we assign constants. After the reconstruction of the 
BDD_for_CF using resulting assigned column functions, we have 
the graph having the structure in Fig. 24. Note that two pairs 
of the nodes (6,8), and (7,10) in Fig. 23(a) are replaced by the 
nodes 12 and 13 in Fig. 24, respectively. 
[0226] 

In the partitions with heights /ev=2, and 1 , column functions 
are incompatible. Thus, the BDD_for_CFs are not reconstructed 
anymore . 

[0227] 

The comparison of Fig. 22(a) with Fig. 24 shows that the 
graph width reduction process reduces the maximum width from 
8 to 4 , and the number of non- terminal nodes from 15 to 12. If 



^2 = {2^2,^31^4} 
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we compare this with the result of above mentioned Algorithm 
1, the width is further reduced than the results obtained by 
Algorithm 1 (See Fig. 4(b)). 
[0228] 

Finally, we explain the experimental results for the 
performance of the " Device for Logic Synthesis" 1' in this 
embodiment, using several benchmark functions. Table 8 shows 
the results of the LUT cascade logic circuits synthesized by 
the "Device for Logic Synthesis" 1' of this embodiment for 
benchmark functions . 

[0229] 
[Table 8] 



Name 


DC = 0 


Alg.3 


# Cells 


# LUTs 


#Cas 


# Cells 


# LUTs 


# Cas 


6-7-11-13 RNS 


6 


35 


3 


4 


29 


2 


7-11-13-17 RNS 


9 


53 


3 


8 


52 


3 


11-13-15-17 RNS 


19 
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5 


18 


108 


6 


4-digit 11-nary to binary 


4 


29 


2 


4 


28 


2 


4-digit 13-nary to binary 


4 


31 


2 


4 


30 


2 


5-digit decimal to binary 


8 


50 


3 


7 


48 


2 


6-digit 5-nary to binary 


6 


44 


2 


5 


36 


2 


6-digit 6-nary to binary 


5 


38 


2 


5 


29 
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6-digit 7-nary to binary 


10 


68 


3 


9 


58 


3 


10-digit ternary to binary 


9 


59 


3 


6 


48 


2 


3-digit decimal adder 


7 


37 


2 


3 


17 


1 


4-digit decimal adder 


10 


64 


2 


4 


24 


1 


2-digit decimal multiplier 


8 


51 


3 


7 


48 


3 


Total 


105 


677 


35 


84 


556 


30 


Ratio 


1.00 


1.00 


1.00 


0.80 


0.82 


0.86 



[0230] 

Benchmark functions are defined as follows: 
[0231] 

(1) A circuit that converts a Residue Number System (RNS) 
to a binary representation (Residue Number to Binary Number 
Converters) 

• 5-7-11-13RNS (14-input 13-output, DC 69.5%: 4-digit RNS 
number, where the moduli are 5, 1, 11, and 13) 
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•7-11-13-17 RNS (16-input 15-output, DC 74.0% ) 
•11-13-15-17 RNS (17-input 16-output, DC 72.2% ) 
[0232] 

(2) A circuit that converts an i-digit ^-nary number into 
a binary number (A:-nary to Binary Converter) 

• 4-digit 11 -nary to binary (16-input 14-output, DC 77.7% ) 

• 4-digit 13 -nary to binary (16-input 15-output, DC 56.4% ) 

• 5-digit decimal to binary (20-input 17-output, DC 90.5% ) 

• 6 -digit 5 -nary to binary (18 -input 14 -output, DC 94.0% ) 

• 6 -digit 6 -nary to binary (18 -input 16 -output, DC 82.2% ) 

• 6 -digit 7 -nary to binary (18 -input 17 -output, DC 55.1% ) 

• 10 -digit ternary to binary (20-input 16-output, DC 94.4%) 
[0233] 

(3) /-digit decimal number adder and multiplier (Decimal 
Adders and a Multiplier) 

• 3-digit decimal adder (24-input 16-output, DC 94.0% ) 
•4-digit decimal adder (32-input 20-output, DC 97.7% ) 
•2-digit decimal multiplier (16-input 16-output , DC 84.7%) 
[0234] 

In Table 8, "DC=0" denotes the case where constant 0 is 
assigned to all the don't care(s) , Alg.3 denotes the case where 
Algorithm 3 of the "Device for Logic Synthesis" 1' in this 
embodiment . The column headed with "# Cells" denotes the number 
of cells in the cascade. The column headed with "# LUTs" denotes 
the sum of the numbers of outputs of the LUTs . The column headed 
with "# Cas" denotes the number of cascades. From Table 8, with 
the "Device for Logic Synthesis" 1' in this embodiment, we can 
efficiently reduce the number of cells in the LUTs, and the sum 
of the numbers of outputs of the LUTs. 

[0235] 

For example, consider the case for 5-7-11-13 RNS. In this 
function, 69.5% of the input combinations are don't care(s). 
We realize the LUT cascade for this function. We assume that 
each cell has at most 12 inputs. 

[0236] 

If we assign 0 to the don't care(3), and realize the LUT 
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cascade, we have the circuit shown in Fig. 2 5 (a) . On the other 
hand, if we apply the "Device for Logic Synthesis" 1 in this 
embodiment, and realize the cascade, we have the circuit shown 
in Fig, 25(b). Clearly, the "Device for Logic Synthesis" 1' 
in this embodiment produces LUT cascade logic circuits with 
smaller sized. 

INDUSTRIAL APPLICABILITY 
[0237] 

This invention is applicable to a CAD system that 
automatically synthesizes LUT-type logic circuits, or a logic 
synthesis tool for LUT-type FPGAs . 
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